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ABSTRACT
ion
PHASE BEHAVIOR OF POLYELECTROLYTE SOLUTIONS
FEBRUARY 2002
VIVEK M. PRABHU, B.S., VIRGINIA POLYTECHNIC INSTITUTE &S.U.
PH. D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor M. Muthukumar
Due to the presence of long-ranged electrostatic interactions, polyelectrolyt
solutions are characterized by a length scale in addition to the radius of gyrat
and the correlation length, the Debye screening length. Contrasted to the behavior
observed in neutral polymer solutions in which miscibility is controlled by molecu-
lar weight and temperature, the inverse-square Debye length additionally controls
polyelectrolyte phase behavior.
This thesis project experimentally investigated the influence of added barium
chloride on both the collective and configurational properties of a model poly-
electrolyte, sodium-poly (styrene sulfonate). Regarding the collective properties
the crossover from mean field to Ising criticality close to the precipitation phase
boundary was measured. This crossover was demonstrated for both salt-dependent
and temperature-dependent thermodynamics. A mean field model qualitatively
describes the collective behavior in polyelectrolyte solutions as a competition be-
tween a short-ranged chemical mismatch, governed by a Flory-Huggins interaction
parameter, that disfavors miscibility and a repulsive screened-Coulombic interac-
tion between monomers that favors miscibility. The addition of salt screens the
vn
electrostatic interaction such that it becomes short-ranged, leading to the observed
precipitation at fixed temperature. Similarly, for a fixed salt concentration, the
solvent quality is tuned and precipitation is observed upon lowering temperature.
The configurational properties of labeled chains were also examined as a function
of molecular weight, polymer concentration, and salt concentration. In solutions
without any added salts, we observe scaling laws for low-ionic strength semidilute
polyelectrolyte solutions in agreement with the double screening theory. These
scaling laws, along with the adequate fits of the labeled chain structure factor with
the Debye structure factor, highlight the concept of screening in semidilute solutions
and polyelectrolytes obeys Gaussian chain statistics on length scales of the order
of a renormalized Kuhn length. Significant coil contraction is measured upon the
addition of the multivalent salt. Upon comparing the correlation length, the radius
of gyration, and the Debye length, the radius of gyration remains the dominant
length scale in the system, until a crossover is observed as the correlation length
diverges and surpasses the labeled chain dimension with increased ionic strength.
The double screening theory was applied to understand the dependence of size of
the labeled chains as functions of polymer concentration and added multivalent salt.
It was necessary to include the influence of ion-pairing into a salt-concentration de-
pendent degree of ionization. Such ion-pair formation is also necessary to calculate
phase diagrams with better qualitative agreement with experimental data. These
initial efforts should foster strong theoretical and simulation studies and further
experimentation in the area of polyelectrolyte solutions.
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CHAPTER 1
GENERAL INTRODUCTION
The influence of charges on the configurational and collective behavior of poly-
electrolytes is an important subject matter which crosses all scientific and engi-
neering disciplines. The importance of polyelectrolytes in the biological sciences in
borne out in the nature of the single cell which is a "Coulomb Soup[l];" polypep-
tides, polynucleotides, polysaccharides, and lipids typically bear ionizable groups
either along the backbone, such as the phosphates in polynucleotides, or as pen-
dant side groups such as glutamic acid in polypeptides. The collective behavior of
polyelectrolytes in the biological context sustains life through cooperative coupled
transitions such as in cell division in which the charged microtubules orient in solu-
tion undergoing a persistent polymerization-depolymerization process to separate
sister chromatids[2]. Such behavior may be understood as a coupling between the
isotropic-nematic transition and polymerization kinetics[l].
Collective behavior also has disastrous events in biology. Our attention is drawn
to the problems of aggregation and precipitation of proteins linked to neurodegera-
tive disorders such as Creutzfeldt-Jakob disease (CJD) and Alzheimer's. In the
class of disease related to CJD is prion disease. One aspect of this disease involves
secondary structure in which prion proteins in a "healthy" form are dominated by
a-helices and are monomeric, but these proteins may become rich in /3-structure
and aggregate [3].
1
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In disease such as Alzheimer's the collective behavior of proteins leads the
controlled self-assembly of /3-Amyloid proteins into /3-Amyloid plaques which
essentially protein deposits occurring between nerve cells and entangled proteins
inside nerve cells between tau proteins and tubulin; the same protein which poly-
merizes to form microtubules. The formation of these placiues and tangles in the
brain are related to Alzheimer's disease[4].
Due to molecular l)iology and genetics advancements, the genes of the dom-
inant rokvplayers, to some degree of certainty, have been pinpointed. However,
the cure or treatment of the disease is yet to be found. A strategy is to either
design a drug which will break up the /3-Amyloid plaques to reduce the risk of
continued iieurodegeralive disord(>r, or to block the ability of the formation of the
/^-Amyloid protein fragnuuits which are chemically cleaved from a high molecular
weight precursor.
Admittedly, the complexity of biological problems requires a systematic study
with a relevant model system, under physiological conditions. However, it is clear
that both the configurational properties determined by primary, secondary, and
tertiary structure and the collective properties in the form of quaternary structure
and uncontrolled aggregation are key ingredients to understand. In the context
of polymer physics we make an attempt to understand these classes of problems
by investigating model systems in which the dominant jjliysics is parameterized
in terms of hydrophobicity, degree of ionization, and ionic strength; essentially
ignoring the cascade of events which leads to the defective polymers.
In polym(>ric mixtures determines the state of miscibility, where is the
d(>gree of polymerization and x the Flory-Huggins interaction parameter. Thus,
the connectivity of the monomers controls the miscibility in an equivalent manner
as inverse temperature;. Due to this fact, uncharged model polymer mixtures have
been extensively investigated to explore the critical exponents, experimental ranges
of dominance of concentration fluctuations, and the nature of the crossover from
the mean field to Ising behaviors[5, 6, 7]. On the other hand, there has been little
experimental study on critical phenomena of polyelectrolyte solutions, where the
potential interactions among monomers are long-ranged. In systems with long-
range interactions, even the nature of the universality class is not known [8, 9, 10,
11]. In addition to molecular weight, the range of the electrostatic interaction is an
important variable in dictating the phase behavior of polyelectrolyte solutions.
In an effort to explore the phase behavior of polyelectrolyte solutions, we have
studied experimentally, solutions of sodium-poly(styrene sulfonate) in water at dif-
ferent ionic strengths by controlling the amounts of added barium chloride. First,
we have identified the salting out phase boundaries for a given temperature as a
function of added salt and polymer concentration as well as a given salt concentra-
tion and as functions of the temperature and polymer concentration. We have then
investigated using small-angle neutron scattering (SANS) the radius of gyration
{Rg) of labeled polymers, the correlation length of concentration fluctuations,
and the osmotic compressibility (~I(0), scattered intensity extrapolated to zero-
angle) in the homogeneous phase as the unstable phase boundary is approached.
By considering the influence of added salt ions and counter-ions of the polyelec-
trolyte in terms of a Debye length(K-^)[12], our SANS data show that { and 1(0)
diverge as the phase boundary is approached by tuning the added salt. Similarly,
for a fixed Debye length, apparent critical phenomena is observed as the phase
boundary is approached by decreasing temperature. The divergence is quantified
as a crossover from mean field to Ising criticality, close to the salt or temperature-
dependent phase boundary. The divergence is made with respect to a critical
inverse-square Debye length and temperature. The solution thermodynamics is
examined by a mean field theory.
The rest of the dissertation is organized as follows; Chapter 2 contains relevant
theoretical discussion. Chapter 3 describes the phase diagrams and collective be-
havior for salt-dependent and temperature-dependent thermodynamics. Chapter
4 contains a brief description of the labeling methodology, followed by the main
results for low and high ionic strength. Chapter 5 includes opportunities for future
work.
This dissertation attempts to understand the simplest case of phase behavior for
a linear flexible homopolyelectrolyte; where complexities of primary and secondary
structure are avoided. These issues are necessary ingredients to understand com-
plex biological polyelectrolytes, namely nucleic acids, proteins, lipids and polysac-
charides. Both experimentally and theoretically, this area of soft matter physics
proves to be exciting. This dissertation is a natural first attempt to understand
these things.
4
CHAPTER 2
MEAN FIELD THEORIES
2.1 Introduction
The present problem is one of a multi-component solution containing polymers,
solvent, and added low molar mass electrolytes. In order to bring understanding
and highlight essential physics, we have taken the multi-component solution as a
quasi two-component system consisting of the polymer and an effective solvent. The
influence of the added electrolytes is captured by the Debye length {k-') associated
with the solvent. In the presence of a bathing electrically neutral ionic medium,
the bare Coulomb interaction between two point charges separated by a distance r
is screened and takes on the Debye-Huckel form[12],
1 e""''
Vir) ~ - — (2.1)
For separation distances larger than the electrostatic interaction is screened.
Since Av^ is proportional to the solution ionic strength, under high salt conditions the
screening length becomes short, indicating a weak electrostatic effect. This screen-
ing effect becomes coupled to the usual short-ranged excluded volume interactions.
In order to understand this problem, we use the calculation of Muthukumar[19, 14]
to include the effect of a screened Coulombic repulsion between monomers in addi-
tion to the usual short-ranged excluded volume interaction. It will be shown how
5
this Coulombic repulsion influences the scattering properties using the main results
from the random phase approximation and how the Flory-Huggins chi parameter
is modified to understand the spmodal phase diagrams as predicted by a Flory-
Huggins theory. The premise is that we utilize the concept of screening based upon
the calculations of Debye-Huckel which hnearizes the Poisson-Boltzmann equation
and is an exact limiting law in infinite dilution[12]. It is understood that for high
concentrations of added electrolytes the Debye-Huckel theory is not applicable.
However, we maintain its use to keep the problem on a conceptual basis. Any
attempts to quantify the results or present qualitative remarks must bear in mind
these approximations.
2.2 Random Phase Approximation
The model[13, 14]for understanding the monomer-monomer correlations begins
with the potential, V{r), between Kuhn segments,
V{r) e~'^^
— = w5{t) + w,ll~- (2.2)
The first term is the short-ranged excluded volume pseudo-potential and the
second term the long-ranged electrostatic contribution, w represents the pseudo-
potential strength and is equivalent to (1/2 - x)/^, where x is the Flory-Huggins
interaction parameter which describes the chemical mismatch between monomer
and solvent. Ik is the Kuhn statistical segment length. 6[r) is the Dirac delta
function. The strength Wc is a result of modeling the polymer with a uniform
charge, where each monomer is treated as a point-like object,
6
(2.3)
where Z is the Kuhn segment valence, a is the degree of ionization, and the
Bjerrum length 1, is given by eyinee^k.T. e is the electronic charge,
. and
are the solvent dielectric constant and permittivity, respectively. Knowing the
monomer valence, one can scale the theoretical valence of the Kuhn segment by the
ratio of Kuhn length to monomeric contour length.
Within the Debye-Hiickel approximation the dominant range of the interaction
is dictated by the inverse-square Debye length
t^' = 4nlsN^iZ'^aC, +^ Z^C,), (2.4)
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where is Avogadro's number, and are the counter-ion valence and
concentration, respectively, and and are the added salt valence and concen-
tration, respectively, of the 7 added salt ion. We have introduced the influence of
the polymer counter-ions to the total solution ionic strength. This is motivated by
including all randomly distributed ions which may include a fraction (aCc) of disso-
ciated counter-ion species. Within this description the only measure for polymer-
salt interactions, such as counter-ion condensation and dissociation equilibria are
parameterized by a degree of ionization of the chain through a. The concentrations
Cc and are in molar units.
Upon Fourier transform of the model potential and in the limit of high salt, such
that >> (j^, where q is the scattering wavevector, the model potential becomes
short-ranged[14, 15] and only modifies the understanding of the pseudopotential
w. As a direct consequence of the high salt limit the Flory-Huggins interaction
parameter is modified such that.
7
(l/2-x)->(l/2-x.) +
^ (2.5)
The new Flory-Huggms interaction parameter {xEfj) is composed of a neu-
tral chemical mismatch related to the pseudopotential strength a;) between
monomer and solvent and an electrostatic contribution which is a function of the
ionic strength [wc/k^),
XEff = Xo~^ (2.6)
Xo is a function of temperature, usually of the form A/T+B and the electrostatic
term is temperature independent. Thus the temperature dependence and ionic
strength dependence are separate.
Using the main results of the random phase approximation (RPA)[14, 16, 17,
18, 19, 20, 21, 22] for the effective two-component system, the form for the structure
factor is,
=^ + - (2.7)(l>SD[q)
Where 0 is the polymer volume fraction and Soi^) is the Debye structure factor.
We then introduce the effective Flory-Huggins interaction parameter, Eq.2.6 and
use the Debye structure factor in qRc < 1 limit. The result is.
=^ + W-2x„ + |^ +^ (2.8)
This formula reproduces the Ornstein-Zernike form,
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^^ 0/V^l-0 (2-9)
2
_
a^A'
Thus one may extract the correlation length (0 and scattered intensity to zero
angle (7(0) ~ 5(0)) from the Ornstein-Zernike plot. Which is the analysis per-
formed Chapter 3.
2.3 Relation to Critical Phenomena
As discussed earlier the universality class of polyelectrolyte solutions is poorly
understood. We will illustrate using the mean field model that one may ex-
perimentally observe a unique situation of salt-induced criticality in addition to
temperature-induced criticality. Returning to the neutral polymer case RPA pre-
dicts the correlation length to diverge,
e - {A[T])-'
where,
= + - 2^^° (2.10)
-4 ~ 2(x, - x«) ~ (^ - i) (2.11)
where Xs is value of the Flory Huggins interaction parameter at the spinodal
temperature. As the system is brought closer to the spinodal curve by lowering
temperature, ^ and 7(0) diverge with mean field critical indices of u = 0.5 and 7
= 1.0[23].
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^''^^TrfT (2.12)
However, very close to the critical temperature the critical indices take on the
values of the three-dimensional Ising model; u = 0.63 and 7 = 1.24[23]. This
crossover is observed as a deviation from the linear mean-field plot of r'(or/(0)-0
versus 1/T where the slope is negative.
In the presented mean-field model for polyelectrolyte solutions, the Flory-Huggins
interaction parameter becomes modified as given in Eq. 2.6, such that,
^ = 2(x.-.. + ^)^(i-i.!^)
,,,3)
Upon replacing the expected temperature dependence for Xo and x. with 1/T
and 1/T„ respectively, we ignore dimensional prefactors to illustrate the dominant
variables. Given the expression for A,
Thus, in this case a plot o( ^-\oYSt{0)-^) versus will yield a straight line
with a positive slope. Equivalently, for a fixed a plot ^-^{oYSt{0)~^) versus
1/T will yield a straight line with a negative slope. Any deviation near the phase
transition is attributed to the crossover from mean field to the Ising universality
class as the role of fluctuations become important. This is the expected behavior in
the limit of high salt where the electrostatic interactions become short-ranged. The
above arguments will be used to provide a minimal quantitative measure for the so-
lution behavior and to understand the universality class of high-salt polyelectrolyte
solutions.
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2.4 Limitations
The above simple theory lacks several features winch increases the complexity
of the problem. The first ingredient is the entropy of mixmg of the added salt ions
and the total electrostatic free energy. In the event of specific interactions between
added salt and polymer, such as the formation of ionic bridges, several points need
to be considered; any type of ion-polymer formation will reduce the number of free
ions that are randomly distributed in the solution. Thus the Debye screening length
will be a function of the ion-pair concentrations. Assuming a uniformly charged
chain, ion-pairs will also modify the charge density of the chain, since each ion-pair
will modify the local charge. For example, if a divalent cation were to bind with a
monovalent anion, then the monomer charge is effectively inverted, contrasted with
the case of a divalent cation bridging two anionic monomers; the charge of the chain
is reduced. The formation of any stable ion-pair comes at a strong penalty of the
loss of chain entropy. Thus, the configuration^ properties strongly couples to the
underlying distribution of salt ions, through ion-pair formation. This remains an
unsolved theoretical and experimental problem. A zeroth-order mean field theory
to include the influence of ion-pair formation is left for Chapter 5.
2.5 Conclusions
The main results for the scattering properties of a semidilute solution of poly-
electrolytes is presented based upon the random phase approximation of Edwards
and introduction of the screened Coulombic interaction between Kuhn segments,
as result from the double screening theory[14] consistent with the Debye-Hiickel
theory [12]. The introduction of the screened Coulombic interaction demonstrates
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that miscibility is reduced upon the addition of salt, which screens the interac-
tiorr. Thus the long-ranged effect of electrostatics, which favors the miscibility,
is in competition with the Flory-Huggins interaction parameter that opposes mis-
cibility. This competition predicts trends in the structure factor measurable by
small-angle scattering, to be exploited in Chapter 3. The Flory-Huggins theory
modified by introducing xej, predicts trends observable in the phase diagrams of
polyelectrolytes also demonstrated in Chapter 3.
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CHAPTER 3
COLLECTIVE PROPERTIES
3.1 Introduction
In general, the structure factor (S,(q)) measured in a total scattering experiment
is the Fourier transform of the pair-correlation function[16] which is calculated
using a random phase approximation [17]. The final form of the general scattering
equation in terms of the absolute differential coherent neutron scattering cross
section, I(q), is.
I[q) = {f)S,{q) (3.1)
b = {bm-b,'^) (3.2)
This form chooses the molecular volume of the monomer, Vm, as the reference
volume. 6, the contrast factor, is defined by Eq. 3.2, bm is the coherent scattering
length of the monomeric anion, is the average coherent scattering length of the
solvent, which includes the monomer counter-ions and added salt ions,and Vs is
the molecular volume of the solvent. To calculate the scattering length for a given
monomer one sums the coherent neutron scattering length for each atom which
constitutes the monomer of interest. Examples of this are given in Appendix C.
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3.2 Experimental
The polymers used throughout the study were prepared using methods de-
scribed in Appendix B. The phase diagrams presented for 120,000gmol- and
56,000gmol-^ were poly(styrene sulfonate) standards purchased from Scientific Poly-
mer Products, Inc and subsequently purified by dialysis, or ion-exchange. All
samples used for scattering experiments were sulfonated in our laboratories. The
protonated polystyrenes of molecular weight 25,000gmol-\ 60,000gmol-\ and
100,000gmol-i were anionically prepared by Chris Stafford from the research groups
of Professors T.J. McCarthy and T.P. Russell. The rest of the protonated and
deuterated samples were purchased from Polymer Laboratories and Polymer Source.
All characterization details are in Appendix A.
The neutron scattering experiments in this Chapter are without selective label-
ing. The protocol uses a fully protonated polymer in heavy water to maximize the
scattering contrast and minimize contribution from incoherent scattering arising
primarily from the protons. All these experiments are within the homogeneous
phase. In order to examine the density-density correlations the macroscopic phase
behavior was examined by visual inspection or light scattering. Thus, the salient
results of the macroscopic phase behavior is discussed first, which sets up the dis-
cussion of the main experimental results.
3.3 Salt-Induced Macroscopic Phase Behavior
The following are the precipitation maps, for a fixed temperature of 294K, with
barium chloride concentration (C5) versus polymer concentration (Cp) for molecular
weights 16k, 56k, 120k, and 200kgmol~^ in Figs. 3.1, 3.2, 3.3, and 3.4 respectively.
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The filled circles indicate precipitation; the open circles a homogeneous phase.
These C,-C, diagrams represent a convenient map for understanding the miscibility
of polyelectrolytes with added salts. It is observed that these diagrams are weakly
dependent on the molecular weight, as m the low salt conc^entration-low polymer
concentration region. The C,-independent saltmg-out Ime is a function of the
molecular weight, 0.02M for 16kgmol-^ and 0.008M for the 200kgmol-i, indicating
that the high molecular weight will precipitate with slightly lower added salt at
equivalent monomer concentration. In the very dilute polymer solution region, a
region of miscibility is observed, particularly for IGkgmol-^ In the higher polymer
concentration region, a salting out line is observed, which is weakly dependent on
the molecular weight. By assembling the apparent phase boundaries on a single
plot, Fig. 3.5, the molecular weight dependencies of the C,-Cp diagrams is clearly
observed and the weak dependence in the semidilute region is also observed.
Similar diagrams can be constructed for other salts, such as magnesium chlo-
ride, potassium chloride, and sodium chloride for the poly(styrene sulfonate) sys-
tem. These salts do not show precipitation at 294K for salt concentrations, up to
saturation. Salts including lanthanum chloride[25] and calcium chloride do show
precipitation. For the case of calcium chloride the precipitation is observed for
added salt concentrations near the saturation limit of 6.7M. For barium chloride
and lanthanum chloride the precipitation is observed well below saturation. One
of the reasons for examining the miscibility of polyelectrolytes with added salt well
below the saturation limit is minimize the influence of salt miscibility competing
for polyelectrolyte miscibility.
The experimental observation of precipitation of polyelectrolytes is well doc-
umented in th(! literature, such as the work by Michaeli[26] on poly(methacrylic
acid) with added divalent salt. Also the work by Delsanti et al.[25] shows added
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features for sodium-poly(styrene sulfonate) with added trivalent salt. Delsanti ob-
serves ar, apparent envelope of immiscibility at a fixed temperature. This envelope
is bordered by a salting-out hne at low salt coneentrations and a salting-in line at
higher salt concentrations.
These macroscopic phase behaviors from the literature, and our own data, are
for both monovalent and multivalent salts. Table 3.1 shows a summary of the
current literature on the precipitation behavior of synthetic and natural polyelec-
trolytes. It illustrates that not only multivalent salts are required for precipitation.
Thus the property of multivalence does not always lead to precipitation, at least
under ambient conditions. The role of temperature is important to understand the
phase behavior of polyelectrolytes.
3.4 Temperature-Induced Phase Behavior
Precipitated polyelectrolyte solutions were heated and found to exhibit a clear-
ing temperature in which the precipitate dissolves leaving a homogeneous solution
as shown in Figure 3.6 with a molecular weight of 120,000gmol-^ For a given salt
concentration these clearing temperatures for the respective monomer concentra-
tion show phase behavior similar to an upper critical solution. We will refer to them
as phase diagrams even though their construction does not constitute true binodal
or spinodal lines, but only as a reference, similar to cloud-point experiments.
It can be seen that the effect of increasing the level of salt concentration shifts
the clearing temperatures to higher temperatures with no noticeable shift along
the monomer concentration. This can be understood from the influence of the
added salt is to make the solvent quality poorer, thus a higher temperature is
necessary in order to enhance the miscibility. This is captured by the form of
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the effective Flory-Huggms parameter, Eq.2.6. It is to be noted that for a fixed
level of salt, the maximum clearing temperature for a given salt concentration is
in the dilute solution limit of monomer concentration ^ 0.002M. The estimation
of the overlap concentration, assuming rod-like conformation yields 0.003M. Since
the system has added salt due to screening of the electrostatic interaction, the
true overlap concentration should be expected to be larger than 0.003M. So, the
concentration for which there is a maximum in the clearing temperature is below
the theoretical overlap limit. Solutions with salt concentration greater than 0.05M
did not clear, even near the boiling point of water.
As a note, another diagram can be constructed by systematically cooling the
samples from the homogeneous state. Upon cooling the mixtures the solutions
takes on a uniformly cloudy appearance and then with time settle, at constant
temperature. Once the solution becomes cloudy we then define this as the de-
mixing temperature upon cooling. We found that the demixing temperatures upon
cooling were systematically at lower temperatures than those defined by heating by
13°C for the peak temperatures. The meaning of this diff'erence is unclear as the
role of kinetics of precipitation remain to be explored in this system, preliminary
data are given in Chapter 5.
The temperature dependence was similarly determined by Eisenberg and
Mohan[27j for poly(vinyl sulfonic) acid, in the presence of added monovalent sodium
chloride salt. This system demonstrates an upper critical solution temperature.
Again, the role of the valence of the salt is not the only factor in the miscibility of
polyelectrolytes.
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3.4.1 Concluding Remarks
These macroscopic phase diagrams illustrate the miportance of salt concentra-
tion, polymer concentration, and temperature. The salient features, such as the
influence of salt concentration on the temperature-dependent behavior is captured
by the simple model presented earlier. However, a comparison of phase diagrams
IS left for Chapter 5, in which the trends are easily compared from calculated
and experimental phase diagrams. Quantitative agreement is lacking at this point
as many issues are unresolved in particular the role of specific ion interactions
and the lack of a meniscus between the precipitated phase and the clear aqueous
phase upon. UV spectroscopy indicates a finite polymer concentration in the upper
phase, however, the precipitated phase does not represent a classic liquid phase as
one would observe in the liquid-liquid phase separation in neutral polymers such
as polystyrene-cyclohexane.
3.5 SANS Results
3.5.1 Homogeneous Phase: Low Ionic Strength
Under the conditions of low ionic strength, polyelectrolyte solutions exhibit a
peak in the scattering structure factor at finite wavevector. This feature is absent
in neutral polymer solutions. Several theories and simulations have been proposed
to describe this feature[24, 32, 33, 19, 14, 21, 20, 34, 35]. However, common to
most approaches the physical origin may be qualitatively understood to be due
to a balance between two types of correlations. Since, all monomers are similarly
charged, they will tend to have a bare repulsion as understood from Coulomb's
law (or the screened Coulombic potential). However, due to the polymeric nature
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monomers are chenncally connected, hence correlated. The bare repul.on and the
connectwUy which
.
described, for
.stance in ideal neutral polvn.er solutions by
the Debye structure factor, gives rise to the correlation peak.
A random phase approximation that approximates the monomer-monomer den-
sity correlations predicts a correlation peak for low ionic strength polyelectrolyte
solutions. In addition RPA predicts the peak shifts to lower wavevectors with de-
creasing polymer concentration and the peak shifts to lower wavevectors with an
increase in ionic strength. However, both predictions fail to capture the correct
scaling laws observed by experiment. The reason for the discrepancy is due to the
nature of the RPA which does not account properly for fluctuations. The dou-
ble screening theory which includes fluctuations recovers the correct scaling laws
between the correlation length and polymer concentration for low ionic strength
semidilute solutions. A scaling argument for the concentration dependence of the
correlation length is in agreement with most experimental data in the semidilute
limit as originally proposed within the isotropic model of de Gennes et al. [24].
They demonstrated first the predicted scattering peak and produced scaling ar-
guments which agree with current experimental data[36, 37, 38] in the semidilute
regime.
RPA Predictions
Using the main results from the RPA presented earlier, we may directly write
the structure factor S{q), and keeping the wavevector dependence of the screened
Coulombic repulsion,
bo ^ ~ (p
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Solving for 5(,) and using the Debye structure factor in the high-,, and talcing
< 9^ we arrive at the following asymptotic limits that describe the essential
feature.
n2
1/(1 - 0) - 2xo)q^ + 2w,) ~ ^ (3-4)
^^'^^ ~ ITTT^ZTT ~ 3 at high q (3.5)
The low
^
limit inspects the longer length scales, or the long-ranged Coulombic
repulsion between any two monomers and tends to go as q\ The high q limit
probes the local correlations defined by the connectivity. Solving for the peak
position by determining the maximum in the the structure factor, and maintaining
the ^2 dependence the following scaling argument results[34] for the peak position
which defines the correlation length as functions of the polymer concentration and
inverse-square Debye screening length (~ ionic strength).
/ /a.., AM\ 1/2
2
_
^max
In the limit of low salt, or ac^ tending to zero,
\
(3.6)
QmL = e - 0"'/' (^j (3.7)
This result of ,^ ~ 0~^/'^ disagrees with the experimental facts for the correla-
tion length in semidilute solutions. Thus, even though RPA captures the essential
physics of low ionic strength semidilute polyelectrolyte solutions, it is unable to
capture the correct scaling behavior. Another problem with this approach is that
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it suggests that the correlation length is a fnnrtinn i iugLii IS lu c o of molecular weight, which is
not observed experimentally in the semidilute regime.
Scaling Predictions
The correlation length may be understood using the scalmg analysis in terms
of the mfinite dilute solution results and the cross over function from dilute to
semidilute solution, a function of (C/C^), where is the "overlap" concentration
which is the concentration at which the polymer chains just touch as if forming a
close-packed structure. In the limit of semidilute solution the crossover function
displays a power-law in which the exponent is yet to be determined. The overlap
concentration is proportional to N/R^ and using the scaling between molecular
weight and radius of gyration simplifies the scaling ansatz to,
^ ~ Rf{§:) ~ N^{N'^-'c)y (3.8)
Since the correlation length is independent of the molecular weiglit(~ N^) in
the semidilute limit, we obtain the following result solving for the unknown scaling
exponent,'//, for varying values of
y =~ (3.9)
The value for u will depend upon the solvent quality and the main results are
in Table 3.2. These are the predicted scaling laws for semidilute polyelectrolyte
solutions. Comparison to our experimental and literature data are made in the
following section.
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3.5.2 Experimental Results
One data set for molecular weight 120,000gmor^ is shown in Fig.3.7 to demon-
strate the polyelectrolyte peak for four polymer concentrations. The data are not
corrected for the flat incoherent background, as this does not change the peak po-
sition. It can easily be seen that the peak shifts to smaller q as the concentration is
decreased. The low q data also show the anomalous excess scattering not predicted
by theory. The discussion for this phenomena will be deferred to a later section.
The polyelectrolyte peak has been measured by various groups for a variety of
highly charged synthetic polymers and biopolymers, as shown in Table 3.3. Recent
work by Essafi et al.[39, 40] has demonstrated that the chemical charge density is
correlated to the polyelectrolyte peak position. The experimental scaling law leads
to 9mL ~ 01-^ \ The experimental trend is in qualitative agreement with the RPA
predictions, but fails with the scaling law that predicts ^ ~ ^-^2^ by Eq.3.7.
We examined several molecular weights and polymer concentrations, without
any added salts. At the maximum intensity of the polyelectrolyte peak, we define
the inverse wavevector g-^^ and plot versus Cp for all molecular weights and concen-
trations in Fig. 3.8. These experimental data clearly demonstrate the semidilute
nature, under no added salts, since the correlation length is independent of the
molecular weight and varies with polymer concentration as q'^ = 72.6C"°-^^^=^° °2.
This also suggests, experimentally the proper experimental ranges in which con-
figurational properties may be investigated in the semidilute limit. However, with
the addition of salt the calculated overlap concentration will change and possibly
shift the conditions for semidilute solution.
We can further interpret these data using a scaling ansatz; since each molecular
weight has a different value for the overlap concentration the experimental data
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can be reduced on a d.ue„sio„le.s plot of i/L versus C/C* as suggested by the
ansatz,
'-^i§^J (3.10)
Using a value for
.
of 1.0 we are able to calculate using the rod-like Innit for
the radius of gyration and nondimensionalize the abscissa. The ordinate is made
dimensionless by dividing by the contour length leads to Fig.3.9. The quality of
the fits over a wide range in molecular weight and concentration demonstrates the
validity of the scaling ansatz.
These experimental data are without any added salts and at a fixed temperature.
In the context of the state of miscibility such solutions are far from precipitation
phase boundaries. As these solutions can be heated to near boiling and cooled to
freezing without any onset of phase separation. In a significant and simple study,
Boue et al.[46], demonstrated that the polyelectrolyte peak (magnitude of 0 was
independent of temperature. This is expected since the range of correlations will
only increase in the proximity of the phase boundary. Hence, the correlations
remain on the mesh-size length scale, familiar to neutral polymers.
Apart from the temperature independence, we have shown that with the addi-
tion of salt ^ increases consistent with previously documented experimental results
[41]. However, the peak position loses the baseline resolution and broadens signif-
icantly. The experimental data taken for molecular weight 50kgnior' is shown in
Fig.3.10, where the variation in q"^^^, with salt concentration and polymer concen-
tration is shown.
These data compliment the values of the correlation length taken from the
Ornstein-Zernike type correlations under high salt conditions. This brings to light
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that a crossover from electrostatic dominated phase behavior to Ornstem-Zermke
correlations, interpreted from the scattering structure factor under high salt. The
typical scenano for polyelectrolytes which do not precipitate under the addition of
salt leads to no significant increase m the correlation length. Once the polyelec-
trolyte peak is absent due to electrostatic screening, the only correlation length re-
mains at the length scale of the mesh size. Preliminary data on sodium-poly (styrene
sulfonate) with added sodium chloride demonstrate this behavior.
The next step is to move onto the interpretation of the small-angle scattering
data to obtain the correlation length and susceptibility in the limit of high salt as
the phase boundary is approached.
3.6 Homogeneous Phase: High Ionic Strength
3.6.1 Salt-Dependent Thermodynamics
We will demonstrate the salt-dependent thermodynamics for a molecular weight
of 56,000 gmol-^ Then we will show the main results for different molecular
weights. The first experimental observation is that the scattered intensity is strongly
dependent on the addition of barium chloride salt. The variation in the total scat-
tering, in absolute units cm"^ shown in Fig.3.11, where the increase in scattered
intensity with added salt is clearly seen. The lowest salt concentration correspond-
ing to added salt 0.125M is sufficiently high such that the expected peak at finite
wavevectors is absent. In the inset the lower salt concentrations, on a logarith-
mic scale, illustrates the polyelectrolyte peak and influence of added salt at lower
concentrations.
We quantify the scattered intensity to zero angle, 1(0), and the correlation
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length,
^, using the following equation,
The Ornstem-Zernike plot is shown in Fig.3.12, for salt concentrations 0.125,
0.188, 0.250, 0.300, 0.325, and 0.330M. An incoherent-scattering background of
0.15cm-^ was subtracted as a flat background from the total scattering data. This
is an estimated incoherent background from the protonated NaPSS in D^O.
Upon investigation of the Ornstein-Zernike plots, one notices the familiar
dependence similar to that observed in neutral polymers as the temperature ap-
proaches the critical temperature. Also, it is easily seen that at the lowest wavevec-
tors a significant downturn is apparent, particularly the lower salt concentration
data. This deviation (upturn on I-versus-q, downturn on Ornstein-Zernike plot)
has been observed before for low-ionic strength polyelectrolyte solutions[47, 44] and
neutral polymers in good solvents[48], with physical interpretation as a form factor
for large aggregates. Recent SANS and osmotic pressure experiments by Horkay et
al. on sodium polyacrylate hydrogels with added salts demonstrates that an anal-
ysis similar to ours was used to successfully overlap independent osmotic pressure
and SANS measurements of the isothermal osmotic compressibility [49]. Theory
and simulation have not explained the presence of this excess scattering. Since we
are interested in the monomer-monomer correlations the experimental data was fit
away from the strong excess scattering at the lowest q. 7(0) and { diverge as shown
in Fig. 3. 13 and Fig. 3. 14, respectively. This divergence becomes significant close to
the precipitation phase boundary. ^ increased from 5.0±1.0A to 160±17A between
salt concentrations 0.125M and 0.330M, respectively. The divergence in /(O) and
^
with increasing salt concentration is similar to that seen for neutral polymer solu-
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tions on approach to the spinodal curve by varying temperature. Thus added salt
in this system enhances concentration fluctuations.
3.6.2 Crossover from Mean Field to Fluctuation Regime: Divergence
in ^ & 1(0)
We have analyzed the divergence of /(O) and ^ in the spirit of the Landau-
Ginsburg theory. In a direct analogy for critical phenomena for the divergence of
/(O)
~
e-T and
^ ~ where e is the reduced temperature, |(r - T,)/T|. We
present the divergence, not with temperature, but with the solution ionic strength
quantified by the inverse-square Debye length, k\ is given by the experimen-
tally convenient form, Eq. 3.12 for the 1:2 electrolyte barium chloride and sodium
counter-ion. The monomer and salt concentrations, Cm and C.ait, respectively, are
given in moles per Uter of solution.
= AnlBlOOONA {aCm + 6Csau) (3.12)
As described earlier, plotting and I{0)-^ versus I/k^ is a mean field plot
and should reveal a straight line with positive slope if the mean field model is
correct. This is precisely what is observed with the experimental data as shown in
Figs 3.15 and 3.16. However, a significant deviation is seen at high salt, close to
the phase boundary. This deviation signifies the importance of fluctuations, hence,
a crossover to the Ising criticality. This concludes that high salt polyelectrolyte
solutions are in the same universality class as neutral polymer solutions.
3.6.3 Results for 120,000gmori
An example of the variation in scattered intensity versus wavevector as a func-
tion of added salt is given in Fig. 3.17. The main results for the three concentrations
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invesfgated are shown in Fig. 3.18. We did not achieve significant d.vcgence in
^
or 7(0) as we did not approach the precipitation boundary closely enough. How-
ever, it can be seen that the correlation length increases with added salt for all three
polymer concentrations investigated These data r-nm,.i;rv.^ .in a compliment the measurements of
the radius of gyration to be presented in the next chapter.
i
3.6.4 Temperature-Dependent Thermodynamics
We discovered that at elevated temperatures a typical semidilute polyelectrolyte
solution of the current system will appear homogeneous upon visual inspection.
However, as the solution is slowly cooled a blue opalescence is observed with no
signs of precipitation. Such observations are characteristic of a system with cor-
relation length on the order of 100 nm, however, it does not tell us if the system
is forming particulate matter, or experiencing strong concentration fluctuations as
that observed with true critical opalescence.
Two types of experiments were performed; keeping the polymer and salt concen-
tration fixed and monitoring the homogeneous phase as a function of temperature.
Repeating this experiment for different levels of salt concentration was also per-
formed. We have examine three molecular weights, 56,000ginol-\ 120,000gmor\
and 200,000gmol-^ Due to the strong dependence of both salt concentration
and polymer concentration on the clearing temperature, the phase diagrams were
roughly mapped using a hot plate, and in the more recent experiments an alu-
minum hot stage with temperature control from a re-circulating heating/cooling
bath was built that accepts the quartz cells used in the SANS experiments. These
experiments proved useful as the same sample could be used, rather than preparing
a new sample for each experiment, which reduced the supply of polymer.
The phase diagram on the temperature-composition plane was also investigated
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us.ng both SALS and SANS. The phase digram is shown n. F.g. 3.19. Th.s phase
diagram was explored usmg small-angle light scattering and neutron scattering.
Smce, our mterests He w.th.n the sem.dUute solution Hmit and the evolution of
the density correlations, it was experimentally determined a convenient range of
salt concentrations and polymer concentrations to maintain temperatures within
reasonable limits. From Fig. 3.19, it is observed that the precipitation temperatures
continuously increase with decreasing polymer concentration. Even in the limit of
dilute solution of 0.2gL- the clearing temperature is near the boiling point of pure
water, hence we were unable to explore this high level of salt, in the dilute solution
regime of optically homogeneous solutions.
Similarly, maintaining the polymer concentration fixed, we may determine the
influence of the salt concentration on the precipitation temperatures. The in-
crease in the precipitation temperatures with increasing level of added salt is
qualitatively captured by the mean field model described earlier. Fig.3.20 illus-
trates this discovery for a polymer concentration of lOSgL"! and molecular weight
= 200,000gmol-^ Similar data have been taken for low molecular weight of
56,000gmol-i shown in Fig.3.21 as prepared using the hot plate method.
We performed a systematic study in the high polymer concentration region
using SANS, these results will be presented below. In addition, we attempted to
follow the increase in scattering using a small-angle light scattering. Small-angle
light scattering was observed and is typically weak until the phase boundary was
reached. From which the intensity rises strongly and becomes time-dependent. It
is the demarcation of the rise in intensity which defines the phase boundary that
is probed by SANS. We observed that the temperatures which are extrapolated by
SANS are roughly 1 to 2 degrees higher than those defined by the SALS experiment.
The SALS experiment involved cooling in decrements of 1-2K and waiting for 30
28
minutes fo. ecumbration. Preliminary experiments are shown regarding the k„,etics
in Chapter 5.
3.6.5 Main Results:56,000gmol-i
The experimental data of scattered intensity versus temperature are shown for
a fixed salt concentrations of 0.38M in Fig.3.22. Notice the strong mcrease in
scattering as the temperature approached the phase boundary. These observations
agree with the measured salt-dependent thermodynamic behavior.
The next step to quantifying the results is from the Ornstein-Zernike plots,
consistent with the salt-induced behavior. This is demonstrated in Figs.3.22. It
is clearly seen that deviation occurs in the small-q region, similar in the case of
salt-induced behavior. Thus, we will again restrict the experimental data fitting to
the linear in region to extract the correlation length and scattered intensity to
zero angle. The divergence behavior for 1(0) and ^ is summarized in Figs. 3.23 and
3.24, respectively. Notice the quantitative increase from the order of lOA to more
than 200A in ^.
3.6.6 Crossover from Mean Field to Fluctuation Regime
The mean field plots for the 56kgmor^ samples are demonstrated in Fig.3.25
and 3.26 for the three difl5"erent fixed salt concentration all data show a devia-
tion from the mean field to Ising close to the phase transition. Similarly, for
120,000gmor^ in Fig. 3.27. An extensive data set were collected for 200,000gmol-^
as a function of diff'erent levels of added salt. One result is shown in Fig.3.28 clearly
demonstrating the cross over in 7(0) versus \/T.
29
3.7 Long-Wavelength fluctuations
We examined a sample of molecular weight 200,000gmol- with concentration
206gL-i and no added salt using a series of scattering techniques. Figure 3.29
demonstrates an important puzzle for semidilute polyelectrolyte solutions. Light
scattering and neutron scattering were performed on this sample which is able to
extend the wavevector range significantly. We were able to take small-angle and
ultra-small angle neutron scattering data in absolute units of intensity and then
use static and small-angle light scattering to complete the scattering spectrum.
Similar experiments were performed by overlapping small-angle neutron scattering
and static light scattering[44]. In our case the ultra small-angle neutron scattering
was performed and did not reveal the Guinier region at lowest q, then small-angle
light scattering clearly reveals the Guinier regime in which the cluster size is order of
4 microns. The origin of this cluster remains a strong experimental and theoretical
challenge as it is the origin of the observed excess scattering. The origin of the
samples is from our laboratory. The samples were purified by ion-exchange and
filtered through membrane filter units of porosity 0.45 microns, then subsequently
lyophillized and redissolved at the given concentration. The semidilute solution of
this concentration is not readily filterable.
3.8 Concluding Remarks
In the limit of low ionic strength, evidence for screening in polyelectrolyte so-
lutions is found. This is demonstrated by the scaling of the correlation length
with polymer concentration (in gL~^) leading to the main result of ^ = =
72.6Cp°-^^^=^°°^. The exponent of 0.47 is in comparison with the scaling result of
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1/2. With the addition of salt we observed polyelectrolyte phase diagrams. By
exploring the homogeneous phase we measured by SANS the divergence in the cor-
relation length and susceptibility are consistent with Ismg criticality. This is based
on the expenmental observation of the divergence even in regions of the phase
diagram, not defined by the critical point commonly found in neutral polymer so-
lutions. The presence of the Ising criticality is demonstrated by the non-mean
field behavior very close to the precipitation phase boundary in the temperature-
dependent thermodynamics study. It was demonstrated that opalescence is ob-
served for a wide range in concentrations, in the semidilute limit, and molecular
weight and is thus a general phenomena discovered first in this system. Contrast
this result with the behavior of sodium chloride added salt, which displays none of
this behavior. The next chapter which deals with the labeled chains will describe
the special efforts used to separate the intra and intermolecular correlations, thus
extracting the configurational properties of the labeled chains.
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Table 3.1: Polyelectrolyte Systems Exhibiting Precipitation
Polyelectrolytr~~ " Add^dS^Qded Salt T\°C]
polylvmylsullonic add)|27] TOTSb5flTlSl5r=T=t^
^° ! r ! CaX,SrX,BaX, X=(OH). and CI. 25poly (methacrylic acid) [28] ' CuCl or
aCl2 25
Na-poly(styrene sulfonate) [25] CaCl2,LaCl3,Th(N03)4
.
V ^ (^uui2
poly (acrylic acid) [29] NaCl, MgCb^aCL,
Na-poly(styrene sulfonate) [30] BaCl2, AlCl
Polycarboxylate[31] CaCl2,CuCl2,MnCl2,MgClo
guaternized-poly(4-vinylpyridine)[15] NaBr
25
25
20
Table 3.2: Semidilute Solution Scaling Exponents.
y Solvent Quality
1
-1/2 Rod-like
1/2 -1 6 Solvent
3/5 -3/4 Good Solvent
Table 3.3: Low-ionic strength polyelectrolytes solutions.
Polyelectrolyte Reference
poly(styrene sulfonate) Nierlich[37]
poly(styrene sulfonate) Ise[41]
t-RNA, BSA, lysozyme, chondroitin sulfate Matsuoka[42]
Xanthan, semi-flexible polymer Milas[43]
poly(N-methyl-2-vinyl pyridine chloride) Ermi[44]
DNA Borsali[45]
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Figure 3.1: Precipitation phase diagram for 16kgmol-i NaPSS with added barium
chloride salt at 294K. Concentrations are in moles of monomer per liter of solution
and moles of barium chloride salt per liter of solution. Filled circles homogeneous
phase and open circles precipitation.
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Figure 3.2: Precipitation phase diagram for 56,000gmol-' NaPSS with added bar-
ium chloride salt at 294K. Concentrations are in moles of monomer per liter o
solution and moles of barium chloride salt per liter of solution. Filled circles ho-
mogeneous phase and open circles precipitation.
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Figure 3.3: Precipitation phase diagram for 120,000gmol-i NaPSS with added
barium chloride salt at 294K. Concentrations are in moles of monomer per liter
of solution and moles of barium chloride salt per liter of solution. Filled circles
homogeneous phase and open circles precipitation.
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Figure 3.4: Precipitation phase diagram for 200,000gmol-i NaPSS with added
barium chloride salt at 294K. Concentrations are in moles of monomer per liter
of solution and moles of barium chloride salt per liter of solution. Filled circles
homogeneous phase and open circles precipitation.
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Figure 3.5: Composite plot of all molecular weights studied showing only the ob
served phase boundaries. The weak molecular weight dependence is observed re
garding the salt concentration independent salting out line.
37
00 0.01
J \ L
0.02
J—I—1 I I I
Cp, [M]
0.03
Figure 3.6: Temperature-polymer concentration phase diagram for molecular
weight 120,000gmori, NaPSS/BaCla system. Above the line a homogeneous so-
lution, below a precipitated phase, illustrated for different levels of added salt
concentration as shown in the legend. It is demonstrated that increasing levels of
added salt increase the clearing temperatures.
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Figure 3.7: Plot of total scattering by molecular weight 120,000gmol-i NaPSS
for four polymer concentrations, shown in the legend, with no added salt The
polyelectrolyte peak at (q^O) is well resolved, also the upturn at low q is observed.
These data are not corrected for a flat incoherent background.
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Figure 3.8: Plot of inverse polyelectrolyte high-q peak position versus polymer
concentration, with no added salt. Peak position is independent of molecular weight
and scales with polymer concentration: cr^ , = 72.6C"°''^3±o.o2
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Figure 3.9: Dimensionless plot of ^/L versus C/C% where L is the calculated
contour length and C* the over lap concentration, using a value of 1.0 for v of
1.0. Regression over the entire range illustrates =0.0676C/C*"°-49±°°i in
agreement with the theory.
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Figure 3.10:^ Variation in peak position with salt concentration for molecular weight
50,000gmol 1 for three different polymer concentrations given in the legend.
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Figure 3.11: Total scattering for increasing levels of added barium chloride salt
for 56,000gmol-i sodium-poly (styrene sulfonate). Legend for barium chloride salt
concentration is d> 0.125M, 0.188M, 0 0.250M, • 0.300M, * 0.325M, 0.330M.
Inset legend 0.0M> 0.03M, V 0.067M.
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Figure 3.12: Ornstein-Zernike Plot for increasing levels of added barium chloride
salt for 56,000gmol-i sodium-poly(styrene sulfonate). Legend for barium chloride
salt concentration is > 0.125M, 0.188M, 0 0.250M, • 0.300M, * 0.325M, 0.330M.
The excess scattering leading to the downturn is not fit.
44
150
100
50
0.
T I I—
I
—
I
—
I
—
I
—
r
'
I
' ' II- IT
0.1
' ' '
I I ' I I I I I I I i '~
0.2 0.3 0.4
C„ [M]
Figure 3.13: Total scattering for 56,000gmol-^ sodium-poly(styrene sulfonate), ex-
trapolated scattered intensity to zero angle from Ornstein-Zernike plot as a function
of added barium chloride salt concentration.
45
200
150
100
50
I I I I I I I I
'I I I I I r T ' T- T r
i
0' ' ' ~ ' ' I
0.1 02 0.3 0.4
C„ [M]
Figure 3.14: Total Scattering for 56,000gmol-i sodium-poly (styrene sulfonate)
correlation length from Ornstein-Zernike plot as a function of added barium chloride
salt concentration.
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Figure 3.15: Demonstration of crossover from mean field to Ising criticality for
versus for 56,000gmol-i sodium-poly(styrene sulfonate)
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Figure 3.16: Demonstration of crossover from mean field to Ising criticality for/(0)-i
versus for 56,000gmol-i sodium-poly(styrene sulfonate).
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Figure 3.17: Doiiioiistiatioii of the scattered intensity versus wavevector as a func-
tion of salt for a fixed polymer concentration of 206gL-i for 120,000 gmor^ sodiuni-
poly(styrene sulfonate). Tlie corresponding Ornstein-Zernil^e plot is also shown
from which ^ and 1(0) are obtained.
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level of salt for three different polymer concentrations for 120,000 gmol"^ sodium-
poly (styrene sulfonate).
50
380
360
340
320
300
280
I I I I I I I T-
' I I I I I I I
I
II
m-mJ
c. SANS
SALS
'
'
I
'
'
'
'
'
I ],,.,
,
50 100 150
Cp[gL-^]
200
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Figure 3.20: Influence of salt concentration on precipitation temperature for a
fixed polymer concentration of Cp = 103gL-i. Examine for = 200,000
gmol K The cloud point temperatures determined by SALS are systematically at
lower temperature than the SANS data. These data are of high confidence as the
temperature stability was better than 0.5K. The phase boundary by SALS were
determined upon observation of the kinetics of the phase separation.
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Figure 3.21: Influence of salt concentration on precipitation temperature for a fixed
polymer concentration of Cp= 206gL-i. Examine for = 56,000 gmor^. The
original estimates for the cloud point temperatures were coarsely determined using
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Figure 3.22: Left: Typical scattered intensity versus wavevector as a function of
decreasing temperature to phase boundary for a fixed NaPSS polymer concentration
of 206gL and barium chloride salt concentration 0.38M for 56,000gmol-^ Right-
Corresponding Ornstein-Zernike plot from which ^ and 1(0) are extracted avoiding
the fit to the downturn excess scattering.
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Figure 3.23: Summary of Divergence of 1(0) for molecular weight 56,000gmol-^ and
three salt concentrations given above each figure.
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Figure 3.25: Summary of Mean Field-Fluctuation Regime, 1(0) for molecular weight
56,000gmor^ and three salt concentrations given above each figure.
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Figure 3.27: Correlation length versus temperature for M = 120,000 gmo\-\ C, =
206gL-^ Experiments performed below room temperature. Divergence oteved
for two samples C, = 0.32 and 0.31M; samples C, = 0.275 and 0.30M had to be
stopped due to the problem of dew point, in which condensation of water from the
air would influence the measured scattered intensity.
59
0.1
0.00355
Figure 3.28: Inverse extrapolated scattered intensity to zero angle versus inverse
absolute temperature for 200,000gmol-i, polymer concentration 154gL-S and fixed
salt concentration of 0.19M. The solid line indicates the linear region of mean field
behavior and extrapolated to the mean field spinodal temperature. The curvature
indicated by the dotted line indicates the Ising fluctuation region.
60
1000000.0
10000.0
E
S 100.0
1.0
NaPSS: No Added Salt
Mw = 200,000g/mol, Cp = 200g/L
T 1 I I 1 U
|
AUSANS: NIST-Absolute(desmeared)
nSANS: Juelich-Absolute
O SLS:Amherst-Scaled to match
i^' SALS: Amherst-Scaled to match
I I M ll Mil J 1 L |_0.0
0.00001 0.00010 0.00100 0.01000 0.10000 1.00000
Q [A"'], (n=1 .3 for light scattering)
Figure 3.29: Experiments performed on a sample with molecular weight
200,000gL~^ with polymer concentration 206gL"^(12 % by volume) and no added
salt. A domain size of 4 microns is measured by Guinier analysis of the small-angle
light scattering experiment.
61
CHAPTER 4
CONFIGURATIONAL PROPERTIES
4.1 Introduction
Having gained an understanding how the correlation length changes as the phase
diagram is approached with temperature and added salt concentration, we now
examine how the third length scale in the system, the radius of gyration, responds
with a varying of the Debye length. It is known that in dilute solutions, without any
complications of precipitation or phase diagrams, the chain dimensions measured
by static light scattering are a strong function of the solution ionic strength[15]. As
the ionic strength increases, the chain dimensions decrease due to the reduction of
the range of the electrostatic interaction. This decrease was successfully quantified
by using a variational procedure[13, 14, 15] to calculate the uniform expansion of
chains, such that the model interaction between two Kuhn segments is of the form
given in Eq.2.2.
Recent SANS experiments examined the variation of the persistence length as a
function of the concentration of added multivalent salts. The experiments demon-
strated that the persistence length decreases with increased ionic strength, in qual-
itative agreement with the role of [50, 46]. Another recent set of experiments
examined the influence of the valence of the counter-ion on the dimensions of labeled
polymer chains. These experiments showed that the size of the chains are quan-
titatively smaller for multivalent cations in comparison to monovalent cations[51].
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Unfortunately, no experiments have attempted to quantify the chain dimensions of
polyelectrolytes in terms of concepts of excluded volume and electrostatic screening
in the semidilute solution. We have attempted this analysis, as it will be shown,
however, we have casting the influence of ion-pan^ formation into a renormalized
degree of ionization that is a function of the added salt concentration. The results
prove to be promising in comparison with the double screening theory This com-
plex problem that is burdened by specific interactions may be understood using
coarse-grained theories.
For the problem under investigation, the room temperature C, - Cp diagrams
were systematically probed using small-angle neutron scattering. A special labeling
procedure is used to measure Rg as a function of molecular weight, polymer con-
centration, and added salt concentration. The motivation for these experiments
is to measure the coupled length scales ^ and Rg as the phase boundary is ap-
proached. Since polymeric solutions have a characteristic dimension that is much
larger than
^,
far from the phase boundary, it is interesting to measure the cross
over in dominance as the phase boundary is slowly approached by increasing the
ionic strength. Attempts will be made to quantify the chain dimensions by compar-
ison to extended-chain and ^-coil dimensions as well as to the scaling and numerical
results of the double screening theory in Table 4.1.
4.2 High Concentration Labeling
The high concentration labeling method [52, 53] has been used to follow single
chain scattering for neutral polymeric systems, such as polymer/solvent[54, 55],
polymer/polymer [56], and polymer/supercritical C02[57] mixtures. Here we ap-
ply the same formalism for aqueous polyelectrolyte solutions. Due to the dominant
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neutron scattering contrast aris.ng between monon.er and solvent concentration
fluctuafons, tire multi-component solution may be treated as an effective two-
component system. Tins two component approximation has been successfully em-
ployed for sodium-poly(styrene sulfonate) without added salt[38, 46, 58, 51] and
with added salt[59, 50, 60).
We refer to the main results of the high concentration
.nethodology for the two
component solutions,
Hq) = Is{q) + It{q)
Is{q) = KnN^Ssiq)
It{q) = LnN^Stiq)
The prefactors are
L = [hx,, + b,{l-x,)-b'f
The absolute differential coherent scattering cross section, I(q), units of cm-\ in
this method is composed of a sum of two types of scattering; scattering associated
with intra-chain monomer-monomer correlations (I,) and total scattering from all
monomer-monomer correlations(It), both intra and inter-chain, and ba are the
scattering lengths of the protonated and deuterated monomers, respectively, b'^ is
the scattering length of a solvent normalized via the ratio of the specific volume
of the monomer and solvent molecule, b'^ may be adjusted by varying average
scattering length of the solvent, by using an H2O and D2O mixture such that b[
= YiibfizO + {l-yh)bD20, where is the mole fraction of H2O and bn^o and bo^o
are the scattering lengths, n is the number of polymer molecules per unit volume
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(4.1)
(4.2)
(4.3)
of solution and N the degree of polymerization. The essentia, physics rema.ns in
the sn,gle-cham structure factor (S,). and the total scattering structure factor (S,).
The single chain scattenng may bednectly measured by making the prefactor L to
the intensity of total scattermg go to zero. We will refer to the matching point as
the condition such that the average scattermg length dens.ty|61] of the monomer
matches that of the solvent which gives L=0.
4.3 Experimental Results
Samples were prepared by mixing dried polymer with the appropriate solvent
mixture. Typical sample preparation and characterization are given in Appendix
A and B. We have experimentally determined the matching point condition to
extract the single chain scattering, based of the high concentration methodology.
In order to make L=0 and yet retain a significant signal-to-noise ratio, we have
chosen to fix the fraction of protonated chains at x/,=0.4 and tune the average
scattering length of the mixed (H20,D20) solvent in such a way that 0.46/, + 0.66^
=6,. The matching point utilizes a mass fraction of protonated chains, denoted x/,,,
of 0.40, with solvent of volume fraction H2O, y^, of 0.32. To accurately investigate
varying salt concentrations, several stock salt solutions were prepared by dilution
of a parent salty solution of BaCl2 with y/, = 0.32. The absolute matching point
conditions are increased to yh = 0.33 due water content determined by TGA.
The experiments were performed at three different neutron scattering facilities;
the National Institute for Standards and Technology (NIST) Center for Neutron
Research[62] on the SANS beamline NG3, the Forchungszentrum Research Reac-
tor FRJ-2[63] on beamline KWS-II, and at the W. C. Koehler SANS facility at
the Oak Ridge National Laboratory [64]. The protocols performed at each reactor
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are similar, we will describp thp Hofo^ioa i e e details for experiments performed at ORNL; the
neutron wavelength was 4.75A(AA/A
. 5%). The sample-detector distance was
5.8m and the data were corrected for instrumental backgrounds and detector effi-
ciency on a cell-by-cell basis, prior to radial averaging to give a q-range of 0.008
< q <0.lA-i. The net intensities were converted to an absolute(±4%) differential
cross section per unit sample volume (in units of cm-) by comparison with pre-
calibrated secondary standards, based on the measurement of beam flux, vanadium
incoherent cross section, the scattering from water and other reference materials
[65]. The efficiency calibration was based on the scattering from light water and
this led to angle-independent scattering for vanadium, H-polymer blanks and water
samples of different thicknesses in the range 1-10 mm. Procedures for calculating
the incoherent background, arising largely from the protons in the sample, have
been described previously [66].
4.3.1 No Added Salt: Evidence for Screening
For a fixed molecular weight the radius of gyration was measured as a func-
tion of polymer concentration in the semidilute regime without any added salt.
Due to dissociated counter-ions and the presence of other chains, it is theoreti-
cally predicted that the size of the labeled chains decrease with increasing polymer
concentration. This is experimentally observed. Fig.4.1 shows the result for the
labeled chain scattering for four different polymer concentrations. The Z-averaged
radius of gyration (i?,,^) was obtained from fits to the Debye structure factor, Soiq),
Eq. 4.4, for all concentrations investigated.
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' = + (4.4)
The details of the fits are left for Appendix D regardnig the values of /(O),
R,, and the incoherent background. It is observed in Fig.4.2 that the asymptotic
behavior of the scaling of the radius of gyration with the polymer concentration
follows with a scaling exponent is
-0.24±0.01, in agreement with the double screen-
ing theory,Table 4.1. We do not observe any deviation from this measurement
due to the fact that the concentrations examined are in the semidilute regime as
experimentally verified in Chapter 3; this is self-consistent result. Further experi-
mentation is necessary to examine the clear distinction between the semidilute and
concentrated regimes.
The radius of gyration was also measured at a fixed polymer concentration in
the semidilute regime as a function of the molecular weight, again without any
added salts. The anticipated scaling was given in Table 4.1. For the three molec-
ular weights examined we find a result which is in agreement with scaling theory,
shown in Fig.4.3. These data were taken from three different laboratories, namely
ORNL,NIST, and FZ-Jiielich. Additionally prepared samples of higher molecular
weight were not able to be run at our most recent experimental trip, which would
have improved the statistics.
We now describe the main results with the addition of barium chloride salt and
merge the results with the correlation length.
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4.4 Labeled Chain Results for 56,000gmol-i
The method of data fitting was performed with the non-linear regression pack-
age from Mathematica 3.0 using the weights from the experimental errors in the
measured I(q). A flat incoherent-scattering background was estimated from the
scattering by a protonated polymer in the identical D^O/H^O mixture. This esti-
mated background at high wavevectors is 0.341cm-i and was subtracted from all
data sets prior to fitting. Thus, the experiment measured the scattering behav-
ior given by Eq.4.2, where S, is modeled by Eq.4.4. This analysis works well as
nearly the entire wavevector range may be fit. Particular exceptions may be made
for the three highest salt concentrations where the scattering tends to deviate at
low wave-vectors, to obtain good fits the first five data points were not fit. The
experimental origin for this deviation may be two-fold; (1) these data are of low
statistic due to averaging over less than 9 detector pixels, and (2) there remains
a finite contribution from the total scattering. All the data-fits are shown in Fig.
4.4. The Rg and ^ for varying salt concentration are shown in Fig.4.5.
The size of the labeled chains decreases from 80±2A to 54±lA when the salt
concentration is increased from O.OM to 0.3375M. This is a decrease in the size of
labeled chains by 33%. The coil shrinkage is consistent with the increased screening
of repulsive intra-chain monomer-monomer electrostatic interactions by the medi-
ating ions as the Debye length decreases from 9.57Ato 3.04A (taking the degree of
ionization to be 0.21). The numerical results are left for Appendix D which includes
the degree of polymerization obtained from the scattered intensity to zero angle,
which agrees well with the characterization data..
To gain an understanding of the size of the labeled chains, we compare to
the rod-like limit and unperturbed theta-coil dimensions. The measured radius of
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gyration, with no added salt, is smaller than that of a calculated fully extended
rod-like conformation wh.ch is on the order of 200A
. Thus in comparison, the
experimental data, are not properly described by a fully r.gid rod-like
. onformation.
The approach to the semi-d.lute and concentrated solutions leads to an increased
excluded volume screening by the presence of other
.nonomers and electrostatic
screening by the presence of dissociated counter-ions, explaining the smaller chain
dimensions as theoretically predicted[14, 19].
The measured of 54A, at the highest salt concentration is larger than the
theta dimensions calculated for fully sulfonated sodium-poly(styrene sulfonate) and
polystyrene. Hirose et al.[67] have determined an empirical law of < Rg^
= O.OaoA^Mvy under experimental theta solvent conditions from dilute solution
light scattering at 4.17M NaCl and 16.4°C. This law calculates a z-average ra-
dius of gyration of 42.2A for our system using a weight average molecular weight
as (0.4x52,400 + 0.6x54,900)xl.lg/mol = 59,290g/mol. Wignall et al.[68] deter-
mined an empirical law of < Rg^ >, = 0.0729A2 Mv^ for atactic polystyrene in
the melt. This calculates 46.7A for our parent polystyrene system averaged as
(0.4x29,800+0.6x28,500)xl.03g/mol = 29,890g/mol.
Neither of these estimates for the true theta-dimensions of poly(styrene) or
poly(styrene sulfonate) match our measured chain dimensions, under high salt con-
ditions. Even though both systems are under experimental theta-conditions by
displaying the scaling criteria for flexible polymers of < i?^ >~ A^, they may not
reflect identical local stiffness realized in this system, characterized by the charac-
teristic ratio, Ccx)[69].
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4.4.1 Coupling of Length Scales
We have demonstrated the key experimental results of the R, and
^ variation
with added salt. In order to brmg some physical msight into the conplmg,
and are shown on Fig.4.6 with respect to the dimensionless parameter {^/l^.
1). However, the experimental estimate for the critical salt concentration differs
by 6.6% between the two types of experiments: 0.335M and 0.357M for ^ and R^,
respectively. So, the critical used was 11.38nm-2 and 10.773nm-2 for the R
and
^ experiments, respectively.
Far from the phase boundary the size of the labeled chains is smaller than
calculations for rod-like conformations. As argued earlier, this departure from rod-
like conformations is consistent with excluded volume screening and electrostatic
screening. The excluded volume screening is a result of the semidilute solution
nature and the electrostatic screening is provided by dissociated polymer counter-
ions. As salt is added to the solution, the radius of gyration decreases. The origin
of this decrease is electrostatic in nature and may be theoretically related to the in-
creased electrostatic screening, quantified by the decreasing Debye length, shown as
the dashed line. As this electrostatic screening length decreases, monomers of the
same chain are no longer influenced by the long-ranged Coulombic repulsion. No-
tice that the magnitude of the Debye screening length is always much less than the
radius of gyration and less than the intrinsic persistence length of 6.9 A. Yet, sig-
nificant coil contraction is observed. This stresses the importance of electrostatics,
even though the calculated theoretical range becomes less than the bare-persistence
length of the polymer. Such behavior may be strongly coupled to an additional
contribution from ion-pair formation, this influence is realized in Chapter 5.
Simultaneously, in the limit of screened electrostatics, the measure of all monomer
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monomer correlations C is extracted from the experimental data by the Ornstem-
Zernike equation.
^
increases as the phase boundary is approached and begins under
low salt as a measure of short-ranged n.ter-chain correlations[70]. However, as the
phase boundary is approached the correlations become longer-ranged due to the
diverging behavior with (.^/.^-l). Eventually the microscopic correlations on the
order of the radius of gyration are not important, as the correlation Ic-ngth diverges
beyond R,, such that
^ » R^. The crossing of
^ past R, is observed for critical
neutral polymer solutions as the critical temperature is approached. However, in
our case the system is not known to be of critical composition, nor approaching
a critical point. Even in a complex electrolyte solution similar salient features
are observed regarding monomer-monomer correlations, except that the intensive
thermodynamic variable tuned is the salt concentration, not temperature.
Figures 4.7 through 4.13 are the main results for Rg and ^ variations for
120,000gmol-' and 200,000gmol-i samples. The comparison to the theta-coil and
extended chain conformations are given in the respective figure captions. It can be
seen that the ideal chain dimensions are never achieved. The onset of precipitation
precludes any such ideal solution behavior-as measured via chain statistics.
4.5 Double Screening Theory Applied to data
In collaboration with Kingshuk Ghosh, we have applied the double screening
theory to calculate the radius of gyration for arbitrary values of the ionic strength
and polymer concentration. The equations are not given here, but are coupled non-
linear equations which were solved numerically by successive substitution. The
input variables required to mak(! the comparison of theory and experiment were
polymer concentration, Bj(>rrum length, bare Kuliii length, degree of i)olym(>riza-
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tion, Kuhn segment valence, salt concentration, and the following form for the
degree of ionization
. = ..-(Constant)C.. The excluded volume parameter used
was estimated from the total scattering data[60]. Hence, the comparison remains to
be made with only two parameters and the trial form for the degree of ionization.
The main results are shown in Fig.4.14 in which the sample of molecular weight
120,000gmol-i is shown as functions of polymer concentration and added salt con-
centration. These results show considerable agreement with the experimental data
in the magnitude of the change in the expansion factor as a function of the added
salt concentration. The chosen form of the degree of ionization was made in order
to observe better agreement in terms of magnitude on coil contraction and curva-
ture. The a, which would be the degree of ionization under no added salt was set to
0.90 in order to realize the significant expansion factors measured experimentally,
values are given in Table 4.2. The use of the uniform expansion and polyelectrolyte
model was applied quantitatively from dilute solution results of Beer et al.[15].
It should be noted that such form of the salt concentration dependence of the
degree of ionization is not treated within the theory. However, it does direct us
to the significance of the effect of the added salt. One would expect in the case
of strong binding between two monomers and a divalent ion, or one monomer and
one divalent ion does reduce the charge density of the chain (assuming a uniform
charge). The capacity for binding has been established experimentally by Francois
et al.[72, 28] using EPR and fluorescence measurements in which an equilibrium is
satisfied between the free and bound ions. Such recent advances, however, remain
to be understood with respect to the loss in entropy of the polymer for enthalpic
loss in forming hairpins or ionic cross-links between chains. Such scenarios can
be found routinely in biology from zinc finger motifs in which one tetravalent zinc
cation is bound among four residues[73]. The stabilization of the configuration via
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iomc coordination allows for transcription factors to bind to DNA[74]. Although,
this case the coordination also nwolves secondary structure which tends to stiffen
the chain leaving the more relevant problem of semiflexible polymers.
4.6 Concluding Remarks
Under the semidilute solution conditions, we measured radius of gyration of la-
beled chains by fitting the single chain scattering with the Debye structure factor.
We recovered the following result, for the first time R = 0 83C-o-24±o oi /i#o.53
Here, the exponents for the molecular weight and polymer concentration and in
comparison with the theoretical values of
-1/4 and 1/2, respectively. With the
addition of the multivalent salt, we observe significant coil contraction for all con-
centrations and molecular weights investigated. Only in the high polymer con-
centration of 400gL-^ does the influence of added salt have a negligible effect as
measured for the 200,000gmor^ sample. The analysis performed was to compare
the measured dimension with those of the two limiting cases, extended-chain con-
formation and unperturbed theta-dimensions. It appears that even with the addi-
tion of salt, precipitation always occurs before the onset of the theta dimensions.
Compared to neutral polymer solutions prepared at the critical composition, the
theta dimensions are reached and persist down to the critical temperature[71]. The
double screening theory was used to calculate the expansion factor for the experi-
mental conditions measured. In order to obtain reasonable agreement it was found
necessary to use a salt concentration-dependent degree of ionization.
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Table 4.1: Double Screening Predictions
Low Salt High Salt
~R^^^^mr^C^
Table 4.2: Parameters
Cp
^final
200
100
50
0.90-1.90C,
0.90-3.27C,
0.90-5.35C,
0.29 at C,=0.32M
0.18 at C,=0.22M
0.15 at C,=0.14M
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Labeled Chains-No Added Salt
NaPSS, M^=i20kg/mol, C,=O.OM
1
,
,
^
*5
10.0 —^
0.010
Figure 4.1: For a fixed molecular weight of 120kg/mol without added salt the
measured smgle chain scattered intensity as a function of wavevector is shown for
four different polymer concentrations. Radius of gyration are extracted from fits
to the Debye structure factor, shown as the dark lines.
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No Added Salt Scaling
NIST: 120kg/mol NaPSS
100
' 1
' L 1 \ I I
,
I ^
100
Cp [g/L of solution]
Figure 4.2: For a fixed molecular weight of 120kg/mol without added salt, the
radius of gyration is found to decrease with increasing polymer concentration. The
extracted scaling is in agreement with theoretical predictions for no added salt
semidilute polyelectrolyte solutions.
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Radius of Gyration versus Molecular Weight
Constant C^ = 200 gL"': ORNL-Juelich-NIST Data
100
1 1 r
Rg = 0.237M
0.53
100000
M^, [gmof']
1000000
Figure 4.3: For a fixed polymer concentration of 2()0g/L without any Mvd salt,
the radius of gyration is found to increase with increasing molecular weight. A
line is drawn which indicates a slope of 1/2, indicating agreement with predictcul
scaling for low ionic strength semidilute polyelectrolyte solutions. Data are from
three neutron facilities.
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Figure 4.4: High concentration labeling for 56,000gmor^ experimental data fit
with the Debye structure factor. Data sets are vertically shifted by a factor of 2
for increasing levels of barium chloride salt.
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Figure 4.5: High concentration labeling, radius of gyration versus added barium
chloride salt concentration for molecular weight 5G,000gmor^
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Figure 4.6: Composite plot of
^,
R^, and versus dimensionless depth from phase
boundary. Critical conditions used are K^^^lO.TTSnm-^, kI^^ = 11.38nm-2.
The correlation length from the polyelectrolyte peak are also given.
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Rg and
^ versus Salt Concentration
NIST: M,=120,000gmor\ Cp=50gL-^
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Figure 4.7: Overlap Concentration calculated is UgL'^ and SSgL-^ for added
salt levels of O.OM and O.llM, respectively. Estimated theta dimensions is 62A.
Estimated Rod-like dimensions is 420A. An overall 48 % change in chain dimensions
is observed.
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Rg and
^ versus Salt Concentrat
NIST: M,=120,000gmor\ Cp=100gL-'
ion
cr
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Figure 4.8: Overlap Concentration calculated is 20gL^' and lOSgL"' for added
salt levels of O.OM and ().2M, respectively. Estimated theta dimensions is 62A.
Estimated Rod-like dimensions is 420A. An overall 44 % change in chain dimensions
is observed.
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Rg and
^ versus Salt Concentration
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Figure 4.9: Overlap Concentration calculated is 34gL-' and TTgL ' for added
salt levels of O.OM and 0.30M, n^spectively. Estimated theta dinumsions is 62A.
Estimated Rod-like dimensions is 420A. An overall 24 % change in chain dimensions
is observed.
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Rg and
^ versus Salt Concentration
Juelich:M„=200,000gmol"', Cp=50gL"'
I
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Figure 4.10: Overlap Concentration calculated is 12gL-i and SOgL'^ for added
salt levels of COM and O.IOM, respectively. Estimated theta dimensions is 76 A
Estimated Rod-like dimensions is 700 A. An overall 26 % change in chain dimensions
is observed.
84
200
Rg and
^ versus Salt Concentrat
Juelich:M^=200,000gmor\Cp=100gL-'
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Figure 4.11: Overlap Concentration calculated is IGgL"! and SSgL'^ for added
salt levels of O.OM and 0.1875M, respectively. Estimated theta dimensions is 76 A.
Estimated Rod-like dimensions is 700 A. An overall 22 % change in chain d
is observed.
miensioiLs
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4Rg and
^ versus Salt Concentration
M„=200kgmor',Juelich: Cp=200 g/L
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Figure 4.12: Overlap Concentration calculated is ITgL-^ and 65gL-i for added
salt levels of O.OM and 0.31M, respectively. Estimated theta dimensions is 76 A.
Estimated Rod-like dimensions is 700 A. An overall 36 % change in chain dimensions
is observed.
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Rg versus Salt Concentration(No
^ data )
Juelich: M,=200,000gmor\ Cp=400gL
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Figure 4.13: Overlap Concentration calculated is SSgL'^ and 41gL-i for added
salt levels of COM and 0.31M, respectively. Estimated theta dimensions is 76 A.
Estimated Rod-like dimensions is 700 A. An overall 3 % change in chain dimensions
is observed.
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8A versus Salt Concentration
NIST: M,=l20,000gmor\all Cp
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Figure 4.14: Double screening theory calculated using a salt-concentration depen-
dence for the degree of ionization. 1, = 1.38nm, a = 0.23nm, b = 0.715nni.
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CHAPTER 5
RECENT DEVELOPMENTS AND FUTURE WORK
Due to the presence of aggregation in the system, observed in the dilute so-
lution, and the significant coil contraction observed in the experimental data for
added multivalent salts, the specific eflFect of lon-bridging, or ion-pair formation is
important and may help explain the observed experimental trends. A modification
to the simple theory should account for the stable interaction between monomers
mediated by the multivalent ion. To be consistent with the theory presented, any
specific interaction will tend to reduce the charge density of the chain («) and
modify the ionic strength {k"^).
This stable attractive eff"ect of ion-pair formation modifies the Flory-Huggins
X-parameter,
Wc
XEff = Xo - ^ + WB(f>s (5.1)
The first two terms already treated earlier remain. However, the third term quan-
tifies a net attraction between monomers mediated by a multivalent ion. The
strength wb is proportional to Ijj, hence, inversely proportional to temperature.
This eff"ect can be introduced into the Edwards Hamiltonian via an additional two-
body interaction.
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if,
(5.2)
The attractive strength is denoted by The origin of this attractive term is
due to the electrostatic energy of an ion-pair. The probabihty for the occurrence
is the concentration of the multivalent ion, in our case the density of barium ions.
By summing over the number of barium ions in solution, this term becomes sim-
ply a two-body short-range interaction that modifies the effective Flory-Huggins
interaction parameter as denoted in Eq.5.1.
5.1 Complex formation
The types of ion-pair formation, illustrated in Fig.5.1, modeled are 9, fraction
of monomers involved in an ion-pair between the counterion and monomer, 621
fraction of monomers with a single multivalent ion and a single monomer, and 622
fraction of monomers involved in an ion-pair between a single multivalent ion and
two monomers. By properly accounting for fractions of bound species leading to
the reduced ions contributing to the free solution ionic strength, the following is
the adjusted degree of ionization.
a =.1-01- 2021 - 622 (5.3)
and inverse-square Debye length.
- 47r
( ^ j
(Zlprn + + Zlp_ - Z%pm - ZlQ2lPm ' ^4^22Pm ) (5.4)
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Tins approach does not provide an equilibrium relation between the fracfon
of ion-paired ions and the coneentrafon of the polymer. This wonhl arise in the
form of an equilibrium eonstant. Sueh a constraint may yield more quantitative
agreement between theory and experiment, but u, this case the correct physics is
given as an input.
The following spinodal phase diagrams have been constructed using the Flory-
Huggins theory by replacing
x, by xe„ as g.ven in Eq.5.1. The thermo<lynan,ic
instability limit is solved numerically using Mathematica 4.0.
- " - ^ + " ''^^ + 2^ ^ (5.5)
0. is the volume fraction of the multivalent species. is the Bjerrum length,
a the separation distance of the ions, e,„,, is the bulk dielectric constant of the
solution, and tiocai is the local dielectric constant which may differ from the bulk.
The origin of this strength comes from summing the total electrostatic energy for
formation of a linear bridge between two negatively charged monomers and one
positively charged divalent ion. In this case the separation between two adjacent
ions is given by a and it is speculated that for such local interaction the character-
ization of the dielectric constant may be perturbed due to the high concentration
of hydrophobic moieties in the nearby region. So, the strength, iub is a collection
of variables which have some uncertainty within the model.
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5.2 Numerical Results
The following numerical results demonstrate the general phase behavior pre-
dicted from the above proposed model. We examine the effect of molecular weight(iV),
hydrophobicity(x„), fraction of ion bridgmg [6,,), fraction of counter ion-monomer
'
complexation [9,], and temperature(T). Due to the large variety of combinations
of dominance each parameter may contribute to the overall physics, we will exam-
ine the roles of each parameter, keeping others fixed. The results demonstrated
below do not correspond quantitatively with experimental data. The magnitudes
of the parameters, especially Xo, tends to adjust the magnitudes of complimentary
variables to reach the unstable state. However, the general shapes of the phase
diagrams remains similar. An attempt has been made to use experimental units,
molar salt concentration and volume fraction for the polymer concentration. A
quantitative mapping is not possible at this point, yet the general trends are in
qualitative agreement with the experimental data of C,-Cp and T-Cp and T-C,
diagrams presented in Chapter 3.
5.2.1 EfTect of Molecular Weight
inThe influence of the molecular weight on the C,-Cp diagram is demonstrated
Fig. 5.2. This plot shows that for low molecular weight, N = 100, leads to a curved
spinodal with a minimum. A region of miscibility is found below the spinodal which
extends into both the dilute and high concentration region. Since, the binodal
curves have not been calculated here, the observed regions of miscibility need to
be distinguished as stable or metastable. The high concentration region shows
the familiar positive slope. However, a line representing the stoichiometric salting
out between salt and polymer concentration is not found. However, by examining
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higher molecular weights, th. Ingh polymer concentration region appears to be
weakly dependent on molecular weight, consistent with experimental data.
As the molecular weight increases. from 100 to 100000, the region of miscibil-
ity decreases, leading to a polymer concentration independent salting out line in
the dilute solution region. This is observed similarly in experiments, for very low
molecular weights a low polymer concentration region of miscibility is observed
and secondly in the high polymer concentration region, the molecular weight de-
pendence is similar to that observed in Fig.3.5.
5.2.2 Effect of Hydrophobicity: Xo
In order to illustrate the qualitative features, we will use a molecular weight
of 10000 and maintain a degree of ionization of the chain at a = 0.30, with ^22 =
0.20,^21 = 0.05, and ^1 = 0.40. The effect of the chemical mismatch [xo] between
monomer and solvent is investigated and the results are in qualitative agreement
with experiments. As Xo increases, the region of miscibility decreases, as shown in
Fig.5.3. We investigate a range of from 0.70 to 0.875. The shape of the spinodal
curve is not changed, however, the spinodal shifts to lower salt concentrations with
increasing Xo- This indicates that if the solvent quality became poorer,a lower
concentration of added salt would be required to precipitate the polyelectrolyte.
This behavior may also be interpreted as due to a change in temperature, since
Xo is typically inversely proportional to temperature. As the temperature decreases
Xo increases leading to a observed trends. However, the influence of temperature is
not only within Xo, but also in the strength wb via the dependence on Z^. The model
is in qualitative agreement with experimental trends in regards to temperature. As
the temperature increases the phase boundary shifts to higher salt concentrations
and lower polymer concentrations.
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5.2.3 Effect of Ionic Bridging:6'22
The fraction of mono.ruus participating in an lonu: bruise is dclincd as ().,,.
By investigating this parameter the physics of enhanced immiscibihty ch.e to ion-
bridging is probed. We now investigate the effect of this quantity on the C.-C,
phase diagram !«H„ing N=1()0()0, 0, = 0.40, 0,, = 0.025, and Xo=0.70. As ill
fraction of iho monon.ers undergoing bridging increases, thc> region of niiscibihty
decreases as shown in Fig. 5.4. This increased fraction of ionic^ bridges has two
competing effects, th(, hrst effect is a hirge vah.e of ^ that favors immiscil,ifity,
wiiiie tiie otlier effect is a fower solution ionic: stnmglJ, because a larger fraction of
ions are being removed from the free solution and localized on th(> polymer, which
favors miscibility due to a larger screening length. In this cas(> by increasing the
fraction of ionic bridges the trend is to favor immiscibility, rather tlnui miscibility
due to larger screening length. This effect may be able to be tuned especially with
different multivalent salts such as 1:3, where the valence of the salt can inllueiice
the screening length due to the Z'^ dependence.
5.2.4 Effect of Counter-ion Complexation:
The inffu(!iic(> of the complexation l)etween the counter ion and polymer is
also investigated. Again, w(; investigate^ tli(> (>ffect on the C,-C;, diagram, using
N^IOOUO, (1,2 = 0.20, (hi = 0.025, and Xr>=0.70. The model predicts that an in-
creased fraction of bound counter-ions favors miscibility, as shown in Fig.5.5. The
main effect of increasing 9i is to reduce the fraction of counter-ions in the free solu-
tion, which leads to a longer screening length-enhancing the miscibility particularly
at high polymer concentrations. The scenario of Oi is coupled to two competing
effects. By increasing the fraction of bound counter-ion the overall chain degree
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of ionization is rednced, which actually decreases the miscib.lity. However, as the
fracfon of bound counter-ion increases, the overall solution ionic strength decreases
leading to a larger screening length, which favors miscibility. Thus in this ca.e the
effect of ionic screening dominates as a larger quantity of added salt is required to
precipitate the polymer due to the dominance of the effect of », ou rather than
the effect of the lowered charge density a.
5.2.5 Spinodal Temperatures
The temperature-polymer concentration,r - 0,, phase diagram is also investi-
gated, again only the spinodal curves. The general features are similar to neutral
polymer solutions, but modified by the electrostatics. We demonstrate the re-
sults for two molecular weights, keeping all other parameters fixed; ^22 = 0.10,
621 = 0.05,^21 - 0.4 and Xo at 298K is equal to 0.70. Typically in neutral polymer
solutions one examines x versus 0p. However, the formation of stable ion-pairs is
also temperature dependent. So, we treat the system directly in the temperature
dependence to illustrate the qualitative features clearer.
In Fig. 5. 6 we show for a molecular weight of N=100 the phase diagram appears
similarly to neutral polymer solutions. For increasing levels of added salt the phase
diagram shifts vertically to higher temperatures in qualitative agreement with the
experimental trends given in Fig.3.6. The physical origin for this is due to both
a reduced screening length that decreases the solvent quality and the increased
formation of ion bridges with higher salt concentration that also decreases the
effective solvent quality.
The effect of increasing molecular weight is similar to neutral polymer solutions,
in the limit of very high molecular weight the critical composition approaches the
zero polymer concentration limit as shown in Fig. 5. 7. Similar with the case of
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N
= 100, the influence of added salt is to increase the spinodal temperatures.
These predictions should be compared with the experimental data in Figs. 3.6
and 3.19 m which snnUar temperature dependence is observed, however, the true
liquid-liquid phase separation remains to be proven, yet with decreasing polymer
concentration at fixed level of salt the precipitation temperatures increase.
The spinodal temperatures as a function of added salt concentration are shown
for a fixed polymer concentration and ion-pair parameters. From this we will gam
an understanding of the change in the spinodal temperatures. Fig.5.8 demonstrates
the change in the spinodal temperatures for three fixed polymer concentrations of
the critical composition, 5%, and 10% by volume fraction. The experimental data
of Fig. 3.20 and 3.21 are in qualitative agreement.
5.3 Small-Angle Light Scattering: Kinetics
Using small-angle light scattering on dilute solutions reveals no significant scat-
tering until the temperature is very close to the phase boundary. At which the
small-angle intensity is time dependent, hence represents a kinetics of precipita-
tion. Two samples about the maximum in the precipitation temperature were
examined for a fixed salt concentration. Table 5.1 illustrates the relevant phase
behavior data. The following are fits for the aggregate radius of gyration, scattered
intensity to zero angle and fractal dimension using the following crossover formula.
I{q) = 7(0) (^1 + ^eUl j . (5.7)
The advantage of this formula, as it is apphed to polymer gels, is the generality
and ability to capture the low and high kR^ limits of the Debye structure factor,
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for a fractal d,„,e„sio„ of 2, as well as a general form in which the fractal dimension
as a fit parameter.
Data analyzes is for dark background subtracted scattering, calibration of the
angular range using a diffraction grating of lOOlines per mm, and have been cor-
rected using the following form of I(q)=/(,)
, (1 + c,»q^), with C, =1.0. This cor-
rection is due to the systematic discrepancy observed, at high angles, by mea,suring
the two-dimensional scattering pattern on a flat screen. This forn, of data correc-
tion was determined comparison of experimental results and theoretical curves for
diffraction by a single slit. This approximation is necessary for q 1.0,.ni.
These results demonstrate the large characteristic dimensions involved in the
aggregation and kmetics of order 2 microns. It ,s interesting to note that the size
of the radius of gyration of the aggregate tends to increa^ie at very short times,
yet remains constant in size as time progresses for both samples analyzed. The
information on these length scales are typical of the length scale as observed under
a microscope.
These experiments can lend to real time kinetics of aggregation which are prop-
erly characterized by a size and fractal dimension. However, it would be interesting
to quantify the increase in number density of these fractal aggregates as a function of
time. Once, the polarizability of the medium and aggregate can be estimated from
their respective refractive indicies, one may quantitatively analyze[75] using a form
of the scattering given by Eq.5.7 and model fractal particle with a pervading volume
of R^. By measuring the concentration of particles one can understand the driving
force for aggregate formation as functions of temperature, polymer concentration,
ionic strength, mixtures of salts, blends of polyelectrolytes, etc. Possibilities are
endless, especially in a relatively simple experiment. Two experimental concerns
would be using scratch-free quartz cells as it minimizes background which will in-
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fluence the analyse. As the scattered mter^sity rises the interference of scratches
wm be magnmed. Also be wary of the problem of sedimentation in these systen.
with micron-sized particles. It would be advised that large particles may sediment,
which is interesting physics as well as practical matter [76].
SALS was also exammed for semidilute polymer solutions. We observe scat-
tering even under the conditions of homogeneous solutions, as indicated by visual
inspection. One example of the result used to obtam the temperature dependent
phase diagrams, is shown in Fig. 5.11. Here the SALS is shown as the temperature
is lowered. At each temperature the scattering is weakly time dependent over a
thirty minute waiting period. However, very close to the phase boundary the inten-
sity rises significantly. For this particular sample, we did not observe a scattering
peak, indicative of spmodal decomposition. However, we did observe a peak for a
higher polymer concentration of 103gL-i as shown in 5.12. This peak was observed
after a long waiting time in proximity to the anticipated precipitation temperature.
In this case the waiting time was 18 hours and 30 minutes, thus the kinetics prove
to be an exciting area to explore, in particular with the non-invasive method of
small-angle light scattering.
5.4 Optical Microscopy
We also examined the precipitated mixture under optical microscope and ob-
served the particulate nature. These particles are in the micron-scale an example
of this is shown for a precipitate formed for a molecular weight of 56,000gmor\
Cp = 0.00625M and C^. = 0.25M in Fig. 5. 13. Upon mixing the stock polymer and
salt solutions precipitation occurs immediately. This optical micrographs for lOx
and 40x magnification were taken after the precipitate was shaken and a drop of
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the cloudy solution was placed onto a glass sHde with a cover slip. The evolution
to form these parfcles have not been investigated, but as shown by the SALS data
a study of the kinetics should prove useful.
5.5 Conclusions
By introducing the attractive interaction between two monomers, mediated by
the multivalent salt a better qualitative understanding is made regarding the phase
diagrams. Although, including this term modifies the phase diagram, the trends of
the influence of added salt in the term of Coulombic repulsion is adequate to a first
approximation. This is only the beginning in an attempt to understand the phase
behavior of polyelectrolytes.
In attempts to quantify the phase boundary, strong time dependent small-angle
light scattering is observed. These shallow quenches reveal no scattering wave
vector peak, but fit the structure factor crossover formula. Fractal dimensions near
2 are obtained as well as a weakly varying radius of gyration of the aggregate as
quantified by the fits.
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Table of Samples
0.006250 0:01563 48:5 =^
0.003125 0.01563 51.9 440
0.001563 0.01563 52.8 450
100
Table 5.2
40.0
40.2
40.2
40.2
40.2
40.2
40.2
40.2
40.2
40.2
40.2
40.2
40.2
40.2
40.2
39.1
39.5
39.5
39.5
39.5
39.5
39.5
39.5
39.5
39.5
39.5
39.5
39.5
39.5
39.5
5
10
12
14
15
20
25
30
35
40
45
50
55
GO
65
I'm] 1(0) [counts/sec] d
1.54
1.81
2.02
2.20
2.41
2.61
2.54
2.57
2.46
2.35
2.31
2.27
2.20
2.21
10578
22066
31857
43200
52800
63680
67445
68880
65433
64091
63470
62503
61920
62291
2.10
2.20
2.07
2.0
1.87
1.75
1.80
1.73
1.74
1.78
1.80
1.80
1.86
1.84
101
45.0
45.0
45.0
45.0
45.0
45.0
45.0
45.0
45.0
45.0
45.0
RTD
4T0
44.0
44.0
44.0
44.0
44.0
44.0
44.0
44.0
44.0
44.0
14
15
17
25
33
40
45
50
60
70
0.81
1.14
1.52
1.88
1.98
2.00
2.04
2.05
2.13
2.15
4293
9722
17912
32477
41993
45960
50388
53450
59031
62567
600
4.3
2.61
2.27
2.23
2.23
2.21
2.22
2.16
2.14
102
e22
Figure 5.1: An example of the types of specific ion-pair formation modeled. 9,
fraction of monomers have a bound counter ion of monovalent charge. ^21 have
a fraction of monomers with a singly-bound multivalent ion and monomer. 622 is
the fraction of monomers maintaining an ion-bridge of two monomers and a singly
multivalent ion. The remaining fraction of charged monomer is exactly the degree
of ionization of the chain, a is the separation distance between the point charges.
103
0.001
FHDH CS"Cp Diagram^lnfluence of M
=0.40,6,, =0.05, 0,, =0.1, =0.70
w
0.010
N=100
N=500
^ #N=1000
—AN=5000
—N=10000
i- rN=1 00000
»——I—I—I—I I L
0.100 1.000
Figure 5.2: Numerical result: Influence of the molecular weight on the Cs-Cp
diagram. The parameters are given in the heading of the figure.
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1.000
0.100
0.010
0.010
FHDH Cs-Cp Diagram-Influence of
x,
N=10000,e^
=0.40, 9,^=0.05, e,,=0.20,
T
0.700
« X = 0.750
0.800
vx = 0.875
0.100 1.000
Figure 5.3: Numerical result:Influence of the chemical mismatch Xo on the Cs-Cp
diagram. The parameters are given in the heading of the figure.
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0.0100
FHDH Cs-Cp Diagram-Influence of 9
N=10000,e,
=0.40,6,, =0.025, X =0.70
—r 0
22
^ e,,= o.io
0,2= O.J5
* * 0^2= 0-20
* e„= 0.25
1.0000
Figure 5.4: Numerical result: Influence of the fraction of monomers undergoing
ion-pairs 922- The parameters are given in the heading of the figure.
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FHDH Cs-Cp Diagram-Influence of 0^
Figure 5.5: Numerical result: Influence of the fraction of monomers with condensed
counter ions,
^i. The parameters are given in the heading of the figure.
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400
FHDH T^-(t)p Diagram
N=100, e,, =0.05, e,, =0.1, =0.4, x,(298K) =0.70
C^=0.10M
C^=0.20M
—AC3=0.40M
C,=0.60M
C=1.00M
Figure 5.6: Numerical result: For a low molecular weight, N=100, Influence of
added salt concentration of the temperature-polymer composition phase diagram.
The values of the parameters are given in the heading of the figure.
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400
FHDH J-(j^^ Diagram
N=500000,
=0.05, e,, =0.1, e, =0.4, x,(298K) =0.70
300 -
200
C^=0.10M
C3=0.20M
C^=0.40M
V 'V C =0.60M
100
Figure 5.7: Numerical result: For a high molecular weight, N=50n000, Influence of
added salt concentration of the temperature-polymer composition phase diagram.
The values of the parameters are given in the heading of the figure.
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400
FHDH T^-Cs Diagram
N=500000, e„ =0.05, =0.1, e, =0.4, V (298K) =0.70
1 r r
' r
300
o
200
100
(1) = 0.1
T = 0.05
0.4 0.6
Cs [M]
0.8
Figure 5.8: Numerical result: For a high molecular weight, N=500000, Influence
of added salt concentration on the spinodal temperature, for three different poly-
mer concentrations; the critical composition, 5% volume fraction and 10% volume
fraction. The values of the parameters are given in the heading of the figure.
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Figure 5.9: Time Dependent SALS for Cp = 0.00625M C
of scattering at a fixed temperature of 39.4°C.
= 0.01563M. Evolution
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Crossover: Cp=0.003125M, C,=0.01563M
Corrected CI =1
.0:NaPSS/BaCI,: 200kg/mol:kinetics at 44.0°C
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0.10
o VP3S08/660S
VP3S09/840S
VP3S10/900S
A VP3S11/1020S
VP3S12/1500S
» VP3S13/1980S
VP3S14/2400S
• VP3S15/2700S
VP3S16/3000S
VP3S17/3600S
VP3S18/4200S
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Figure 5.10: Time Dependent SALS for Cp = 0.003125M C, - 0.01563M. Evolution
of scattering at a fixed temperature of 44.0°C.
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Cp=51.5gL"\ Cg^O.igM
M^=200kgmor': NaPSS, BaCI^, C,=1.0
• 74 rc, VPS6000
2.00
Q [urn-']
Figure 5.11: SALS observations for a fixed NaPSS concentration of 51.5gL~^ bar-
ium chloride salt concentration of 0.19M and molecular weight of 20(),000gmol~^
These data indicate a large fluctuation even in the homogeneous phase. Systematic
investigations of the long time dependence remain unox{)lored.
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40000
30000
c
o
o
(L)
C/5
§20000
u
0000
0
SALS:Cp=103gL',C=0.25M
M =200,000gmol"' NaPSS/BaCl
O T=52.9C waiting time of 1 8hrs. 30 min
T=70.3C
0
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Figure 5.12: SALS observations for a fixed NaPSS concentration of 103gL-^ barium
chloride salt concentration of 0.25M and molecular weight of 200,000gmol-^ Two
temperatures are shown the high temperature limit of 70.3C and a temperature
of 52.9C after 18 hrs. 30 min.. Notice the broad scattering peak, both at a finite
wavevector and a continuous increase at the lower angle due to kinetics this kinetic
phase behavior is unexplored in this system.
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10 microns
Figure 5.13: Optical Microscopy for an NaPSS / BaCb solution with = 56,000
gmo\~\ Cp = 0.00625M and C, =::: 0.25M. Two magnifications are shown along with
the corresponding scale bars.
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APPENDIX A
CHARACTERIZATION SUMMARY
Expt No.
%S(E.A.)
PDI
Mf^g/mol
MG?c,w/g/mol
^GPc,NE/mo\
%H20 (TGA)
Molecular weight of sulfonated polystyrene is double the parent polystyrene, for
high sulfonation degrees, so the identifying molecular weight used throughout for
NaPSS is twice that of PS.
50,000g/mol, Characterization Summary
Protonated(^)
Expt No. 87
%S(E.A.) 100
PDI 1.02
Mf^g/mol 104
M£?c,H/g/mol 24,850
M£?c,yvg/mol 24,350
Kpcn 234
%H20 (TGA) 8.1
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Expt No.
%S(E.A.)
PDI
Mf^g/mol
Mgpc,wg/mol
MSpc/vg/mol
%H20 (TGA)
119
92
1.03
112
29,300
28,500
274
54,900
8.6
^^^^^^^^^^^^^^^
108
96
1.02
104
30,150
29,800
287
52,400
7.5
109
96
1.02
104
30,150
29,800
287
52,400
8.8
120,000g/mol, Experiments Characterization Summary
Deuterated(R,) Protonated(RJ Protonated(i^)
Expt No. 132 129 135
%S(E.A.) 86 89
%S(Titration) 95
PDI 1.05 1.02 1.02
Mf^g/mol 112 104 104
M£pc,vyg/mol 65,900 61,000 61,000
Mcpc/vg/mol 63,000 60,000 60,000
nps
^^GPC,N 563 577 577
%H20 (TGA) 9.8 10.2
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Expt No
%S(E.A.)
%S (Titration)
PDI
Mf^[gmori]
Mg^c,yv[gmol-i
N£?c,yv[gmol-i
%H20 (TGA)
131
86
1.04
112
110,500
107,300
958
9.0
133
88
I. 05
104
102,448
100,085
962
II. 1
134
95
1.05
104
102,448
100,085
962
10.3
400,000g/mol, Characterization Summary
Deuterated(Rg) Protonated(RJ Protonated(0
Expt No.
%S(E.A.)
PDI
Mf^g/mol
Mg?c,M/g/mol
MG?c,yvg/mol
90
1.04
112
217,600
209,400
89
1.05
104
217,000
207,000
89
1.05
104
217,000
207,000
nps
^^GPC,N
%H20 (TGA)
1870
17.5
1990 1990
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APPENDIX B
SULFONATION OF POLY(STYRENE)S
The sodium-poly(styrene sulfonate) used in this study was prepared via sul-
fonation of protonated(h-PS) and deuterated(d-PS) polystyrene purchased from
Polymer Laboratories and Polymer Source, Inc., respectively. These polystyrene
standards were characterized by the manufacturers by gel permeation chromatogra-
phy in tetrahydrofuran. Molecular weight details are given in Table I. The sulfona-
tion method of Vink[77] was used with modification. The mass of polystyrene used
was 400mg and 800mg for the protonated and deuterated reactions, respectively,
the phosphorous pentoxide amount was increased by 50 percent as suggested by
Smisek and Hoagland[78], and the amount of crushed ice required to precipitate
the polymer was increased to 40g. The sulfonated polymer, recovered in de-ionized
water, was titrated to a pH of 10 using sodium hydroxide solution purchased from
Fisher Scientific, certified 0.201-0.199N, and subsequently filtered through a 0.22
fim Cellulose Acetate filter unit manufactured by Corning Costar. This clear so-
lution was then dialyzed using Spectra/Por molecular-porous membrane tubing
with molecular weight cut-ofl[" 3500 against water purified by a Milli-Q UF Plus
system, a product of the Millipore Corporation, with resistivity ISMQcm. Dialy-
sis was performed with frequent change in the dialysis water. Once the conduc-
tance of the dialysis water remained constant over a 24 hour period and was below
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0.6,,S/cm the solutions were lyophillized. The lyophUhzed samples were character-
ized by elemental analysis for sulfur content and agarose gel electrophoreis. Gel
electrophoresis was performed usmg a standard horizontal electrophoresis cell us-
ing sodmm-poly(styrene sulfonate) from a Scientific Polymer Products Calibration
Kit as mobility standards. Seakem LE Agarose of gel electrophoresis c,uality, dis-
tributed by FML Bioproducts, was used at a concentration of 0.9%, the l>alance
buffer solution. The buffer solution used for gel setting as well as recirculating fluid
was O.OIM reagent quality Na.HPO^. After electrophoresis with an applied field
strength of 2V/cm for 2 hours the gel was stained with 0.01% methylene blue dye,
de-stained with de-ionized water, and subsequently transfered to a flatbed scanner
and digitized for analysis. The digitized bands were analyzed for the peak in the
distribution and second moment, from which the polydispersity was obtained. [79]
Even after exhaustive drying of samples under high vacuum at 80°C, or heating
for removal of water in an oven at 105°C, water was observed by thermal-gravimetric
analysis. We find an average of 8% by mass of water content through our sample
preparation.
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APPENDIX C
NEUTRON SCATTERING CONSTANTS
Experimental Quantities.
Vs(H20)[81] 18.063 cm^mol-^
v.(D20)[81 18.137 cm^mori
b^(H-PSS-] [82 47.251 fm
bd(D-PSS-) [82; 120.124 fm
b.(H20) 82
-1.675 fm
b.(D20) 82 19.1458 fm
Experimental Quantities.
i:'brmula hcoH [fm; b/7vc[fni [gmol-i] Vj [cm'^mol"^]
C8H7SO3 47.251 176.924 183.2 114.8
C8D7SO3 120.124 28.301 190.25 114.8
NaCgHzSOg 50.883 180.514 206.19 108.2
NaCgDrSOa 123.756 31.891 213.25 108.2
H2O -1.675 50.5498 18.01 18.063
D2O 19.1458 8.086 20.023 18.137
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APPENDIX D
LABELED CHAIN DATA
200
200
200
200
200
100
100
100
100
100
50
50
50
50
0.0
0.03125
0.125
0.250
Ol
0.0
0.03125
0.125
0.15
0.1875
0.0
0.03125
0.08
0.10
7.52
7.52
7.52
7.52
7.52
3.76
3.76
3.76
3.76
3.76
1.89
1.89
1.89
1.89
9.47
7.66
7.38
7.06
7.00
4.11
4.12
4.12
4.39
4.08
2.05
2.24
2.23
2.13
167
160
143
126
107
169.7
164.9
145.9
147.3
131.5
189.6
187.3
162.4
139.3
0.60
0.56
0.527
0.614
0.610
0.331
0.390
0.356
0.432
0.387
0.381
0.396
0.411
0.419
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jT^heory
4.46
4.46
4.46
4.46
4.46
Cpjg/L]
200
200
200
200
200
200
200
200
200
200
M^=56,000gmol \ Radius of Gyration of labeled chains,T=25°C
fjTheory 15(0), [cm-^
0.0
0.00078
0.0156
0.0625
0.125
0.1875
0.250
0.30
0.325
0.3375
2.10
2.10
2.10
2.10
2.10
2.10
2.10
2.10
2.10
2.10
2.30± 0.10
2.17± 0.1
1.96± 0.09
2.18± 0.09
2.15± 0.10
2.07± 0.09
2.04± 0.09
1.92i: 0.08
1.98± 0.08
1.94± 0.08
[A]
80.3±2.0
80.0±2.0
80.0±2.4
72.6±1.4
70.2±1.7
63.6±1.5
59.8±1.5
55.2±1.2
54.2±1.0
54.1±1.0
INC
0.341
0.341
0.341
0.341
0.341
0.341
0.341
0.341
0.341
0.341
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APPENDIX E
ORNL ORIGINAL PROPOSAL
Proposed Experiment
We propose to examine semi-dilute solutions of polyelectrolytes using small-angle
neutron scattering. This work will lead to an understanding as to what happens to
individual polyelectrolyte chains as a polyelectrolyte solution approaches an unsta-
ble phase boundary by changing the solution ionic strength. The polyelectrolyte
and added salt we intend to investigate are sodium poly(styrene sulfonate) and
barium chloride respectively with water as the solvent. We have constructed the
phase diagram for this system. This system undergoes phase separation which can
be seen visually. Such precipitation has also been observed by others.^
We intend to perform two different experiments. The first is to investigate one
polymer concentration, approximately 2mg/mL and vary the salt concentration.
This experiment is feasible with SANS by utilizing the scattering length contrast
between heavy water and the hydrogenated poly(styrene sulfonate). In this exper-
iment we will recover the chain statistics far from the unstable region. The data
analysis should be straight forward, a Guinier plot from the radially averaged data
should reveal the Rg'^.
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In the second experiment we wil,
.nvesfgate a h.gher poiy.ne. concentration ap-
proximately 20.g/nrL wUh salt concentrations rang.ng between 0.002nrg/„,L to
200nrg/n,L. Fronr these series of samples we will obtam a correlation length and Rg^
as the system approaches the unstable region. We intend to nfUze the high concen-
trat,on labeling technique ^ by mtx.ng deuterated and hydrogenated poly(styrene
sulfonate) to provrde the scatter.ng length contrast and extract the two different
length scales. For the high concentration labeHng technique we w.ll determine the
details with Drs. Yuri Meln.chenko and George Wignall at ORNL. We propose to
purchase a perdeuterated poly(styrene) and perform a sulfonation reaction follow-ed
by counter-ion titration to obtain the sodium salt polyelectrolyte.
We have demonstrated the abUity to sulfonate poly(styrene) in our laboratory and
perform detailed purification. The samples which we intend to use will be well
characterized with polydispersity less than 1.1. All sample preparation can easily
be performed in our lab to produce a series of stock solutions. From these stock
solutions, we can simply mix two test tubes at the SANS spectrometer into the
required quartz cells.
1. A.Keller, K.A. Narh, J. Polym. Sci. Part B: Polym. Phys.,31, 231(1993).
2. Yu. Melnichenko, G. Wignall, Phys. Rev. Lett. ,78, 686(1997).
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Scientific Justification
ConsKlenng the phase diagram for a neutral polymer system wlrrch undergoes phase
separation
.„ the UCST type we understand the salient features as to the e<,uilib-
nurn properties of the single chain in dilute, senridilute, and concentrated solutrons.
Now if the same polymer were modified by the addition of a charged species we
know that the phase diagrams are very different with different origins. The add.tion
of new expernnental parameters namely ,on,c strength, charge density, counter-ion
valency, and added salt valency and concentrat.on raises many more questions and
opportunities for novel experiments to understand these systems. Many experi-
ments have addressed the statics and dynamics of polyelectrolytes in dilute solution
from low salt to high salt conditions using hght scattering techniques^ However,
with different labeling techniques now established, we now have the technology
to investigate different length scales and separate the single chain structure factor
from the total scattering. So. we wish to extend this effort to understand poly-
electrolytes in non-dilute solutions with emphasis on understanding the connection
between criticality and chain statistics in the context of the position of the system
with respect to the phase diagram with constant temperature, charge density, and
solvent type. We wish to answer the simplest question: What happens to the size
of a labeled polyelectrolyte chain as an unstable region is approached by changing
the ionic strength? To date no experiments have answered this question in the
context of polymer's position in the polymer-salt phase diagram.
3. S. Forster. M. Schmidt, M. Antonietti, Polymer, 31,781(1990).
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Justification for Using Neutrons
We have examined these polyelectrolyte solutions w.th l.ght scattering using an
argon ion laser with wavelength 514nm. This does not allow us to probe simulta-
neously the various length scales of the monomer-monomer correlations and radius
of gyration of the polyelectrolyte. The investigation of single chain statistics in
rron-dilute solutions by neutrons w,ll hopefully clarify the pertinent length scales
with knowledge of their origin using proper labehng techniques.
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